12 United States Patent
Wang et al.

US011149267B2

US 11,149,267 B2
Oct. 19, 2021

(10) Patent No.:
45) Date of Patent:

(54) FUNCTIONAL GENOMICS USING
CRISPR-CAS SYSTEMS, COMPOSITIONS,
METHODS, SCREENS AND APPLICATIONS
THEREOF

(71) Applicants: The Broad Institute, Inc., Cambridge,
MA (US); Massachusetts Institute of
Technology, Cambridge, MA (US);
Whitehead Institute for Biomedical
Research, Cambnidge, MA (US)

(72) Inventors: Tim Wang, Boston, MA (US); David
Sabatini, Cambnidge, MA (US); Eric
Lander, Cambridge, MA (US)

(73) Assignees: The Broad Institute, Inc., Cambridge,
MA (US); Massachusetts Institute of
Technology, Cambridge, MA (US);
Whitehead Institute for Biomedical
Research, Cambnidge, MA (US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

(21) Appl. No.: 15/141,348

(22) Filed: Apr. 28, 2016

(65) Prior Publication Data
US 2016/0251648 Al Sep. 1, 2016

Related U.S. Application Data

(63) Continuation-in-part of application No.
PCT/US2014/062558, filed on Oct. 28, 2014.

(60) Provisional application No. 61/961,980, filed on Oct.

28, 2013, provisional application No. 61/963,643,
filed on Dec. 9, 2013, provisional application No.
62/069,243, filed on Oct. 27, 2014.

(51) Int. CL
CI2N 15/10 (2006.01)
CI2N 15/90 (2006.01)
CI2N 15/63 (2006.01)
CI2N 15/113 (2010.01)
(52) U.S. CL
CPC ... CI2N 15/102 (2013.01); CI2N 15/1082

(2013.01); CI2N 1571093 (2013.01); CI2N
15/113 (2013.01); CI2N 15/63 (2013.01);
CI2N 157907 (2013.01); CI2N 2310/10
(2013.01); CI2N 2310/20 (2017.05); CI2N
2320/11 (2013.01); CI2N 2330/31 (2013.01)

(58) Field of Classification Search
None

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

10/1989 Meade et al.
4/2014 Zhang .................... C12N 15/85

424/94.1

4,873,316 A
8,697,359 BI1*

8,771,945 Bl 7/2014 Zhang
8,795,965 B2 8/2014 Zhang
8,865,406 B2 10/2014 Zhang
8,871,445 B2 10/2014 Cong et al.
2003/0186238 A1  10/2003 Allawi et al.
2004/0111221 Al  10/2004 Beattie
2006/0234247 A1  10/2006 Puttaraju et al.
2007/0016012 Al 1/2007 Hartlep
2010/0055798 Al 3/2010 Battersby
2010/0076057 Al 3/2010 Sontheimer et al.
2011/0016540 Al 1/2011 Welnstein
2011/0059502 Al 3/2011 Chalasani
2011/0189776 Al 8/2011 Terns et al.
2011/0223638 Al 9/2011 Wiedenhett et al.
2011/0239315 Al 9/2011 Bonas et al.
2012/0029891 Al 2/2012 Behlke et al.
2013/0130248 Al 5/2013 Haurwitz et al.
2014/0068797 Al 3/2014 Doudna et al.
2014/0179006 Al 6/2014 Zhang
2014/0179770 Al 6/2014 Zhang et al.
2014/0186843 Al 7/2014 Zhang et al.
2014/0186919 Al 7/2014 Zhang et al.
2014/0186958 Al 7/2014 Zhang et al.
(Continued)

FOREIGN PATENT DOCUMENTS

EP 0264166 Al 4/1988
EP 2591770 5/2013
(Continued)

OTHER PUBLICATTIONS

Sorek et al., “CRISPR-Mediated Adaptive Immune Systems In
Bacteria and Archaea” 82 Annual Review of Biochemustry 237-266
(2013).*

(Continued)

Primary Examiner — Nancy I Leith

(74) Attorney, Agent, or Firm — Johnson, Marcou, Isaacs
& Nix, LLC; F. Brent Nix, Esq.; Rachel D. Rutledge,
Esq.

(57) ABSTRACT

The present mvention generally relates to libraries, kits,
methods, applications and screens used 1n functional genom-
ics that focus on gene function 1n a cell and that may use
vector systems and other aspects related to Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)-Cas
systems and components thereof. The present invention also
relates to rules for making potent single guide RNAs (sgR-
NAs) for use in CRISPR-Cas systems. Provided are
genomic libraries and genome wide libranes, kits, methods
of knocking out in parallel every gene in the genome,
methods of selecting individual cell knock outs that survive
under a selective pressure, methods of identifying the
genetic basis of one or more medical symptoms exhibited by
a patient, and methods for designing a genome-scale sgRINA
library.

19 Claims, 17 Drawing Sheets

Specification includes a Sequence Listing.



US 11,149,267 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

2014/0189896 Al 7/2014 Zhang et al.
2014/0227787 Al 8/2014 Zhang
2014/0234972 Al 8/2014 Zhang
2014/0242664 Al 8/2014 Zhang et al.
2014/0242699 Al 8/2014 Zhang
2014/0242700 Al 8/2014 Zhang et al.
2014/0248702 Al 9/2014 Zhang et al.
2014/0256046 Al 9/2014 Zhang et al.
2014/0273231 Al 9/2014 Zhang et al.
2014/0273232 Al 9/2014 Zhang et al.
2014/0273234 Al 9/2014 Zhang et al.
2014/0287938 Al 9/2014 Zhang et al.
2016/0272965 Al* 9/2016 Zhang ................ C12N 15/1082

FOREIGN PATENT DOCUMENTS

EP 2764103 8/2014
EP 2771468 9/2014
WO 2008108989 9/2008
WO 2010054108 5/2010
WO 2011146121 11/2011
WO 2012164565 12/2012
WO 2013082519 6/2013
WO 2013098244 7/2013
WO 2013130824 9/2013
WO 2013141680 9/2013
WO 2013142578 9/2013
WO 2013176772 11/2013
WO 2014018423 A2 1/2014
WO 2014065596 5/2014
WO 2014089290 6/2014
WO 2014093479 6/2014
WO 2014093595 Al 6/2014
WO 2014093622 6/2014
WO 2014093622 A2 6/2014
WO 2014093635 6/2014
WO 2014093635 Al 6/2014
WO 2014093655 A2 6/2014
WO 2014093661 6/2014
WO 2014093661 A2 6/2014
WO 2014093694 6/2014
WO 2014093694 Al 6/2014
WO 2014093701 Al 6/2014
WO 2014093709 Al 6/2014
WO 2014093712 6/2014
WO 2014093712 Al 6/2014
WO 2014093718 6/2014
WO 2014093718 Al 6/2014
WO 2014099744 6/2014
WO 2014099750 6/2014
WO 2014204724 12/2014
WO 2014204725 12/2014
WO 2014204727 A1 12/2014
WO 2014204729 12/2014
WO WO0-2014204727 Al * 12/2014 ... CI2N 15/1082
WO 2015065964 Al 5/2015
WO 2015089419 6/2015

OTHER PUBLICATIONS

Koonin et al., “Diversity, classification and evolution of CRISPR-

Cas Systems”™ 37 Current Opinion in Microbiology 67-78 (2017).*
U.S. Appl. No. 61/734,256, filed Dec. 6, 2012, Fuqiang Chen.
U.S. Appl. No. 61/758,624, filed Jan. 30, 2013, Fuqiang Chen.
U.S. Appl. No. 61/761,046, filed Feb. 5, 2013, Scott Knight.

U.S. Appl. No. 61/761,422, filed Mar. 15, 2013, Scott Knight.
U.S. Appl. No. 61/735,876, filed Dec. 11, 2012, Elake A. Wiedenhett.
U.S. Appl. No. 61/799,531, filed Mar. 15, 2013, Elake A. Wiedenhett.
U.S. Appl. No. 61/738,355, filed Dec. 17, 2012, George M. Church.
U.S. Appl. No. 61/799,169, filed Mar. 13, 2012, Frashant Malu.
U.S. Appl. No. Mar. 20, 2012, Virginjjus Siksnys.

U.S. Appl. No. 61/625,420, filed Apr. 17, 2012, Virginyjus Siksnys.
U.S. Appl. No. 61/652,086, filed May 25, 2012, Martin Jinek.

U.S. Appl. No. 61/716,256, filed Oct. 19, 2012, Martin Jinek.
U.S. Appl. No. 61/736,527, filed Dec. 12, 2012, F. Zhang.

U.S. Appl. No. 61/757,640, filed Jan. 28, 2013, Jinek.

U.S. Appl. No. 61/794,422, filed Mar. 15, 2013, Knight.

Andreas, et al. “Enhanced efliciency through nuclear localization
signal fusion on phage C31-integrase: activity comparison with Cre

and FI.Pe recombinase in mammalian cells” Nucleic Acids Research,
2002, 30(11):2299-2306.

Asuri, et al. “Directed Evolution of Adeno-Associated Virus for
Enhanced Gene Delivery and Gene Targeting in Human Pluripotent
Stem Cells” Molecular Therapy, Feb. 2012, 30(2):329-338.

Al-Attar, et al., “Clustered regularly interspaced short palindromic

repeats (CRISPRs): the hallmark of an ingenious antiviral defense
mechanism 1n prokaryotes” Biol Chem., 2011, 392(4):277-2809.

Baker, “Gene editing at CRISPR Speed” Nature Biotechnology,
2014, 32(4):309-312.

Banaszewska, et al. “Proprotein Convertase Subtilisin/Kexin Type
9: A New Target Molecule for Gene Therapy™ Cellular & Molecular

Biology Letters, Feb. 2012, 17(2):228-239.

Barrangou, “RNA-mediated programmable DNA cleavage” Nature
Biotechnology, Sep. 2012, 30(9):836-388.

Bergemann, et al. “Excision of specific DNA-sequences from
integrated retroviral vectors via site-specific recombination” Nucleic
Acids Res., 1995, 23(21):4451-4456.

Bikard, et al. “CRISPR Interterence Can Prevent Natural Transfor-
mation and Virulence Acquisition During in Vivo Bacterial Infec-
tion” Cell Host & Microbe, Aug. 2012, vol. 12:177-186.

Boch, et al. “Breaking the Code of DNA Binding Specificity of
TAL-Type III Effecors” Science, 2009, 326:1509-1512.

Boch, et al. “Xanthomonas AvrBs3 Family-Type III Effectors:
Discovery and Function” Annu. Rev. Phytopathol, 2010, Vo. 48:419-
436.

Bogdanove, et al. “TAL Eflectors:Customizable Proteins for DNA
Targeting” Science, 2011, 333:1843-1846.

Briner, et al. “Guide RNA Functional Modules Direct Cas9 Activity
and Orthogonality” Molecular Cell, Oct. 2014, 56:333-339.
Carroll, “A CRISPR Approach to Gene Targeting” Molecular Therapy,
2012, 20(9): 1658-1660.

Cermak, et al. Efficient design and assembly of custom TALEN and
other TAL Effector-Based Constructs for DNA Targeting, Nucleic
Acids Research (2011) vol. 39, No. 12, €82, p. 1-11.

Chen, et al. “Dynamic Imaging of Genomic Loci in Living Human
Cells by an Optimized CRISPR/Cas System™ Cell, Dec. 2013, vol.
155:1479-1491.

Jieliang Chen, et al. “An Efficient Antiviral Strategy for Targeting
Hepatitis B Virus Genome Using Transcription Activator-Like Effec-
tor Nucelases” Molecular Therapy, 2014, 22(2):303-311.

Sidi Chen, et al., “Genome-wide CRISPR Screen in a Mouse Model
of Tumor Growth and Metastasis,” Cell, 2015, 160:1-15, http://dx.
do1.org/10.1016/y.cell.2015.02.038.

Cho, et al. “Generation of Transgenic Mice” Curr Protoc Cell Biol.,
2011, 19.11.do1:10.1002/0471143030. cb1911s42.

Choulika, et al., “Transfer of Single Gene-Containing LLong Termi-
nal Repeats into the Genome of Mammalian Cells by a Retroviral
Vector Carrying the cre Gene and the IoxP site” Journal of Virology,
1996, 70(3):1792-1798.

Christian, et al. “Targeting DNA Double-Strand Breaks With TAL
Effector Nucleases” Genetics, Oct. 2010, vol. 186:757-761.
Christian, et al. “Supporting Information-Targeting DNA Double-
Strand Breaks With TAIL Effector Nucleases” Genetics, 2010,
DOI:10.1534/110.120717: 1SI-8SI.

Chylinski, et al. “The tractRNA and Cas9 Families of Type II
CRISPR-Cas Immunity Systems™ RNA Biology, May 2013, 10(5):726-
737.

Cong, et al. “Comprehensive interrogation of natural TALE DNA.-
binding modules and transcriptional repressor domains” Nature
Communications, 2012, 3:968, DOI:10/2038/ncomms1962.
Connor, “Scientific split—the human genome breakthrough divid-
ing former colleagues,” Science, The Independent, Apr. 25, 2014,
http://www.independent.co.uk/news/science/scientific-split--the-
human-genome-breakthrough-dividing-former-colleagues-9300456.
html.




US 11,149,267 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

CRISPR-associated endonuclease Cas9; Oct. 21, 2012, XP002738511M,
http://1bis/exam/dbfetch.jsp?id=uniprot: J7RUAS.

Dahlman, et al. “In vivo endothelial siRNA delivery using poly-
meric nanoparticles with low molecular weight™” Nat. Nanotechnol.,
2014, 9(8)648-655. do1:10.1038/nnano.2014.84.

Datensenko, et al. “Molecular memory of prior infections activates
the CRISPR/Cas adaptive bacterial immunity system”™ Nature Com-
munications, Jul. 10, 2012, 3:935, DOI:10.1038/ncomms1937.
Dingwall, et al. “Abstract: A Polypeptide Domain That Specifies
Migration of Nucleoplasmin into The Nucleus” Cell, 1982, 30(2):449-
58.

Deltcheva, et al. “CRISPR RNA maturation by trans-encoded small
RNA and host Factor RNase III”” Nature, Mar. 2011, vol. 471:602-
609.

Deltcheva, et al. “Supplementary Information: CRISPR RNA Matu-
ration by Trans-Encoded Small RNA and Host Factor RNase III”
www.Nature.com/do1:10.1038/nature(09886:1-35, 2011.

Drittanti, et al. “High throughput production, screening and anyalysis
of adeno-associated viral vectors” Gene Therapy, 2000, 7:924-929.
Ebina, et al. “Harnessing the CRISPR/Cas9 system to disrupt latent
HIV-1 provirus” Scientific Reports, 2013, 2:2510, do1:10.1038/
srep02510.

Ellis, et al. Macromolecular Crowding: Obvious But Underappre-

ciated, TRENDS 1n Biochemical Sciences, Oct. 2001, 26(10):597-
604.

Ellis, et al. “Zinc-finger nuclease-mediated gene correction using
single AAV vector transduction and enhanced by Food and Drug

Administration-Approved Drugs” Gene Therapy, 2013, vol. 20:35-
42,

Enyeart, et al., “Biotechnological applications of mobile group II
introns and their reverse transcriptases: gene targeting, RNA-seq,
and non-coding RNA analysis” Mobile DNA, 2014, 5:2, http://
www.mobilednajournal.com/contents5/1/2.

Gabriel, et al. “An unbiased genome-wide analysis of zinc-finger
nuclease specificity” Nature Biotechnology, Aug. 2011, 29(9):816-
823.
Gay, et al. “ZFN, TALEN, and CRISPR/Cas-Based Methods for
Genome Engineering” Trends in Biotechnology, Jul. 2013, 31(7):397-
405.

Garneau, et al. “The CRISPR-Cas bacterial immune systems cleaves
bacteriophage and plasmid DNA” Nature, Nov. 2010, 468:67-71.
Gasiunas, et al. “Cas9-crRNA ribonucleoprotein complex mediates
specific DNA cleavage for adaptive immunity in bacteria” PNAS,
Sep. 2012, 109(39): E2579-E2586.

Geller, et al. “Trancscriptional Activators of Human Genes with
Programmable DNA-Specificity” PLone, 2011, 6 (5):€19509. Do1:10.
137 1/hournal.pone.0019509.

Goldfarb, et al. “Synthetic peptides as nuclear localization signals™
Nature, Aug. 1986, 322(14):641-644.

Grens, Enzyme Improves CRISPR A smaller Cas9 protein enables
In VIvo genome engineering via viral vectors, The Scientist, Apr. 1,
2015.

Gustafsson, et al. “Codon Bias and heterologous protein expres-
sion” TRENDS 1n Biotechnology, Jul. 2004, 22(7):346-353.

Haft, et al. “Protein Families and Multiple CRISPR/Cas Subtypes
Exist in Prokaryotic Genomes” PLoS Computational Biology, 2005,
1(6):0474-483.

Haft, et al. “A Guild of 45 CRISPR-Associated (Cas) Protein
Families and Multiple CRISPR/Cas Subtypes Exist 1n Prokaryotic
Genomes™ PLoS Computational Biology, 2005, 1(6):0474-0483.
Hale, et al. “Essential Features and Rational Design of CRISPR
RNAs that Function With The Cas RAMP Module Complex to
Cleave RNAs” Molecular Cell, 2012, 45(3):292-302.

Hale, et al. “RNA-Guided RNA Cleavage by a CRISPR RNA-Cas
Protein Complex™ Cell, 2009, 139:945-956.

Hale, et al. “Prokaryotic siliencing (psi) RNAs in Pyrococcus
furiosus”, RNA, 2008, 14:2572-2579.

Handel, et al. “Versatile and Efficient Genome Editing in Human
Cells by Combining Zinc-Finger Nucleases With Adeno-Associated
Viral-Vectors” Human Gene Therapy, Mar. 2012, 23:321-329,
Hibbitt, et al. “RNAi1-mediated knockdown of HMG CoA reductase
enhances gene expression from physiologically regulated low-
density lipoprotein receptor therapeutic vectors in vivo” Gene
Therapy, 2012, 19:463-467.

Rand, et al. “Argonaute2 Cleaves the Anti-Guide Strand of siRNA
during RISC Activation” Cell, 2005, 123:621-629.

Raymond, et al. “High-Efficiency FLP and @C31 Site-Specific
Recombination in Mammalian Cells” PLoS ONE, 2007, 2(1):e162.
Doi. 10.1371/journal.pone.0000162.

Rebar, et al. “Induction of angiogenesis 1n a mouse model using
engineered transcription factors” Nature Medicine, Dec. 2002,
8(12):1427-1432.

Reiss, et al. “RecA protein stimulates homologous recombination in
plants” Proc. Natl. Acad. Sci. USA, 1996, 93:3094-3098.
Sanders, et al. “Use of a macromolecular crowding agent to dissect
interactions and define functions 1n transcriptional activation by a
DNA-tracking protein: Bacteriophage T4 gene 45 protein and late
transcription” PNAS, 1994, 9:7703-7707.

Sapranauskas, et al. “The Streprococcus thermophilus CRISPR-Cas
system provides immunity 1n FEscherichia coli” Nucleic Acids
Research, 2011, 39(21): 9275-9282.

Sauer, “Functional Expression of the cre-lox Site-Specific Recom-
bination System 1n the Yeast Saccharomyces cerevisiae” Mol. Cell.
Biol., 1987, 7(6):2087-2096.

Sauer, et al. “Site-specific DNA recombination in mammalian cells
by the Cre recombinase of bacteriophage P17 Proc. Natl. Acad. Sci.
U.S.A., 1988, 85:5166-5170.

Schiffer, et al. “Predictors of Hepatitis B Cure Using Gene Therapy
to Deliver DNA Cleavage Enzymes: A Mathematical Modeling
Approach” PLOS Computational Biology,, 2013, 9(7):e1003131.
www.ploscompbiol.org.

Scholze, et al. “TAL effector-DNA specificity” Virulence, 2010,
1(5):428-432, DOI:10.416/viru.1.5.12863.

Schunder, et al. “First indication for a functional CRISPR/Cas
system 1n Francisella tularensis” International Journal of Medical
Microbiology, 2013, 303:1438-4221.

Schramm et al. “Recruitment of RNA polymerase III to its target
promoters” Genes & Development, 2002, 16:2593-2620.

Seung Woo Cho, et al. “Supplementary Information: Targeted
genome engineering in human cells with RN A-guided endonuclease™
Nature Biotechnology, Mar. 2013, 31(3):1-10.

Seung Woo Cho, et al. “Analysis off-target effects of CRISPR/Cas-
dernived RN A-guided endonucleases and nickases™” Genome Research,
Nov. 2014, 24:132-141.

Shen, et al. “Efficient genome modification by CRISPR-Cas9 mickase
with minimal off-target effects” 2014, Nature Methods, 11(4):399-
404,

Shen, et al. “Generation of gene-modified mice via Cas9/RNA-
mediated gene targeting” Cell Research, 2013, 23:720-723.

Sims, et al., “High-throughput RNA interference screening using
pooled shRNA libraries and next generation sequencing”, Genome
Biology 12(10):R104, Oct. 2011.

Sontheimer, “Project 7: Establishing RNA-Directed DNA Targeting
in Eukaryotic Cells” Physical Sciences-Onc., Nov. 16, 2011-Dec.
31, 2012, htt://groups.molbiosci.northwestern.edu/sontheimer/
Sontheimer cv.php) Molecular Biosciences.

Sosa, et A. “Animal transgenesis: an overiew’” Brain Struct Funct,
2010, 214:91-109.

Stolfl, et al, “Tissue-specific genome editing 1n Ciona embryos by
CRISPR/Cas9,” Development, 2014, 141:4115-4120 do1:10.1242/
dev.114488.

Svviech et al., “In vivo interrogation of gene function in the
mammalian brain using CRISPR-Cas9,” Nature Biotechnology,
2015, do1:10.1038/nbt.3055.

Terns, et al. “Crispr-based adaptive immune systems” Current
Opinion 1n Microbiology, 2011, 14:321-327.

Tolia, et al. “Slicer and the Argonautes” Nature Chemical Biology,
2007, 3(1):36-43.

Trevino, et al. “Genome Editing Using Cas9 Nickases” Methods 1n
Enxymology, 2014, 546:161-174.




US 11,149,267 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Urnov, et al. “Highly eflicient endogenous human gene correction
using designed zinc-finger nucleases™ Nature, 2005, 435:646-651.
Vestergaard, et al. “CRISPR adaptive immune systems of Archaea”
RNA Biology, 2014, 11(2):156-167.

Wang, et al. One-Step Generation of Mice Carrying Mutations in
Multiple Genes by CRISPR/Cas-Mediated Genome Engineering,
Cell, 2013, 153:910-918.

Wiedenhett, et al. “RNA-guided genetic silencing systems in bac-
terta and archaea” Nature, 2012, 482:331-338.

Wu, et al. “Genome-wide binding of the CRISPR endonuclease
Cas9 1n mammalian cells” Nature Biotechnology, 2014, doi:10.
1038/nbt.2889.

X1ao, et al. “Chromosomal deletions and inversions mediated by
TALENs and CRIPPR/Cas 1n zebrafish” Nucleic Acids Research,
2013, 41(14):E141. do1:10.1093/nar/gkt464.

X1ao, et al. Production of High-Titer Recombinant Adeno-
Assoclated Virus Vectors 1n the Absence of Helper Adenovirus,
72(3) Journal of Virology 2224-2232 (1998).

Zetsche et al. “A split-Cas9 architecture for inducible genome

editing and transcription modulation,” Nature biotechnology, 2015,
33(2): 139-142.
Zetsche, et al. “CPF1 1s a Single RNA-Guided Endonuclease of a
Class 2 CRISPR-Cas System” Cell, 2015, 163:759-771.
Zhang, X. D., et al., “cSSMD: assessing collective activity for
addressing ofl-target effects in genome-scale RNA interference
screens”, Broinformatics (Oxford), 27(20),2775-2781, Oct. 2011.
Zhang, et al. “Eflicient construction of sequence-specific TAL
effectors for modulating mammalian transcription” nature biotech-
ology, 2011, 29(2):149-154.
Zhu, et al. “Crystal structure of Cmr2 suggests a nucleotide cyclase-
related enzyme 1n type III CRISPR-Cas sytems” FEBS Letters,
2012, 939-945. Do1:10.1016/;.1ebslet2012.02.036.
Hou, et al., “Efficient genome engineering in human pluripotent
stem cells using Cas9 from Neisseria meningitides,” PNAS, 2013,
110(39):15644-15649.
Horvath et al. “RNA-guidded genome editing a la carte” Cell
Research, 2013, 23:733-734, do1:10.1038/cr.2013.39.
Hsu, et al. “Development and Applications of CRISPR-Cas9 for
Genome Engineering” Cell, Jun. 2014, 157: 1262-1278.
Hwang Woong, et al. “Eflicient genome editing in zebrafish using a
CRISPR-Cas System™ Nature Biotechnology, Mar. 2013, 31(3):227-
229.
Hwang Woong, et al. “Efficient In Vivo Genome Editing Usng
RNA-Guided Nucleases” Nat. Biotechnol., 2013, 31(3):227.229.
doi. 1.1038/mbt.2501.
Janssen, et al., “Mouse Models of K-ras-Initiated Carcinogenesis”
Biochimicia et Biophysica Acta, 2005, 1756:145-154.
Jlang, et al. “RNA-guided editing of bacterial genomes using
CRISPR-Cas systems™ Nature Biotechnology, 2013, 31(3):233-239.
Jinek, et al, “A Programmable Dual-RNA-Guided DN A Endonuclease
in Adaptive Bacterial Immunity” Science, 2012, 337:816-821.
Kanasty, et al. “Delivery materials for siRNA therapeutics” Nature
Materials, 2013, 12:967-977.
Karvelis, et al. “ctrRNA and tracrRNA guide Cas9-mediated DNA
interference in Streptococcus thermophiles” RNA Biology, 2013,
10(5):841-851.
Karvelis, et al. “Supplemental Material to: crRNA and tracrRNA
guide Cas9-mediated DN A interference in Streptococcus thermophiles™
Landes Bioscience, 2013, 10(5), http://dx.do1.org/10.4161/rna.
24203.
Kim, et al. “Crystal structure of Casl from Archacoglobus fulgidus
and characterization of i1ts nucleolytic activity” Biochemical and
Biophysical Research Communications, 2013, 441:720-725.
Konermann, et al, “Genome-scale transcriptional activation by an
engineered CRISPR-Cas9 complex” Nature, 2015, 517:583-588.
Koornneef, et al. “Apoliprotein B Knockdown by AAV-Delivered
shRNA Lowers Plasma Cholesterol in Mice” Molecular Therapy,
Apr. 2011, 19( 4)731-740.

Lambowitz, et al. “Group II Introns: Mobile Ribozymes that Invade
DNA” Cold Spring Harb Perspect Biol., 2011, 3: a003616.

Larson, et al. “CRISPR interference (CRISPRI) for sequence-
speciiic control of gene expression” Nature Protocols, 2013, 8(11):2180-
2196.

Lewis, et al., “The c-myc and PyMT oncogenes induce different
tumor types 1n a somatic mouse model for pancreatic cancer” Genes
& Development, 2003, 17:3127-3138.

L1, et al. “In vivo genome editing restores hemostasis 1n a mouse
model of hemophilia” Nature, 2011, 475 (7355):217-221. dou:

10.1038/naturel0177.
L1, et al. “Multiplex and homologous recombination-mediated genome

editing 1n Arabidopsis and Nicotaina benthamiana using guide
RNA and Cas9” Nature Biotechnology, 2013, 31(9):688-691.

Lombardo, et al., “Gene editing in human stem cells using zinc
finger nucleases and integrase-defective lentiviral vector delivery”
Nature Biotechnology, 2007, 25(11):1298-1306.

Ma, et al. “A Guide RNA Sequence Design Platform for the
CRISPR/Cas9 System for Model Organism Genomes”, BioMed
Research International, 2014, 2013:270805-4. http://dx.do1.org/10.
1155/2014/270805.

Maeder, et al. “CRISPR RNA-guided activation of endogenous
human genes” Nature Methods, 2013, 10(10):977-979. do1.10.1038/
nmeth.2556.

Makarova, et al, “Evolution and classification of the CRISPR-CAS
Systems” Nature Reviews Microbiology, 2011, 9(6):467-477.
Makarova et al. “Unification of Cas protein families and a simple
scenarto for the origin and evolution of CRISPR-Cas systms”
Biology Direct, 2011, 6:38. http:///www.b1ology-direct.com/content/
6/1/38.

Makarova, et al. “An updated evolutionary classification of CRISPR -
Cas systems” Nature Reviews-Microbiology, 2015, 13:722-736.
Mali, et al. “CAS9 transcriptional activators for target specificity
screening and paired nickases for cooperative genome engineering’”’
nature biotechnology, 2013, 31(9):833-840.

Mali, et al. “Supplementary Information: Use of adjacent sgRINA:Cas9
complexes for transcriptional activation and genome engineering”
Nature Biotechnoly, do1:10.1037/nbt.2675, 2013.

Malina, et al. “Repurposing CRISPR/Cas9 for in situ functional
assays” Genes & Development, 2013, 27:2602-2614.

Marrathni, et al. “Self vs. non-self discrimination during CRISPR
RNA-directed immunity” Nature, 2010, 463(7280):568-571.
Mastroianni, et al. “Group II Intron-Based Gene Targeting Reac-
tions 1n Eukaryotes” Plos One, 2008, 3(9):e3121. Do1:10.1371/
journal.pone.0003121.

Meshorer, et al. “Chromatin in pluripotent embryonic stem cells and
differentiation” Nature Reviews Molecular Cell Biology, 2006,
7:540-546.

Miller, et al. “A Tale nuclease architecture for eflicient genome
editing” Nature Biotechnology, 2011, 29(2):143-150.

Minton, “How can biochemical reactions within cells differ from
those 1n test tubes?” Journal of Cell Science, 2006, 119:2863-2869.
Moijica, et al. “Short motif sequences determine the targets of the
prokaryotic CRISPR defence system”, Microbiology, 2009, 155:733-
740.

Morgan, et al. “Inducible Expression and Cytogenetic Effects of the
EcoRI Restriction Endonuclease in Chinese Hamster Ovary Cells”
Molecular and Cellular Biology, 1988, 8(10):4204-4211.
Mukhopadyay, “On the Same Wavelength,” ASBMBTODAY, Aug.
2014, http://www.asbmb.org/asbmbtoday/201408/Features/
Doudna/.

Nakamura, et al. “Codon usage tabulated from international DNA
sequence databases: status for the year 2000” Nucleic Acids Research,
2000, 28(1): 292.

Nomura, et al., “Low-density lipoprotein receptor gene therapy
using helper-dependent adenovirus produces long-term protection
against atherosclerosis 1n a mouse model of familial hypercholes-
terolemia” Gene Therapy, 2004, 11:1540-1548.

Nishimasu et al. “Crystal Structure of Staphylococcus aureus Cas9,”
Cell 162, 1113-1126, Aug. 27, 2015.

Nishimasu, et al. Crystal Structure of Cas9 in Complex with Guide
RNA and Target DNA, Cell, 2014, 156:935-949.




US 11,149,267 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Oost, “New Tool for Genome Surgery” Science, Feb. 15, 2013,
399:768-770.

Panyam, et al. “Biodegradable nanoparticles for drug and gene
delivery to cells and tissue” Advanced Drug Delivery Reviews,
2003, 55:329-347.

Patterson, et al. “Codon optimization of bacterial luciferase (lux) for
expression 1n mammalian cells” J. Ind. Microbio. Biotechnology,
2005, 32:115-123.

Pinera, et al. “RNA-guided gene activation by CRISPR-Cas9-based
transcription factors” Nature Methods, 2013, 10(10):973-978.
Platt, et al. “CRISPR-Cas9 Knockin Mice for Genome Editing and
Cancer Modeling™ Cell, 2014, 159(2):440-455.

Porteus, et al. “Gene targeting using zinc finger nucleases™ Nature
Biotechnology, 2005, 23(8):967-973.

Pougach, et al. “Transcription, Processing and Function of CRISPR
Cassettes 1n Escherichia coli” Mol. Microbiol, 2010, 77(6):1367 -
1379.

Ran, et al, “In vivo genome editing using Staphylococcus aureus
Cas9.” Nature, 2015, do1:10.1038/nature14299.

Ran et al. “Double Nicking by RNA-Guided CRISPR Cas9 for
Enhanced Genome Editing Specificity,” Cell 154, 1-10, Sep. 12,
2013.

Ran, et al. “Genome engineering using the CRISPR-Cas9 system”
Nature Protocols, 2013, 8(11):2281-2308.

International Search Report dated Feb. 17, 2015; which 1ssued
during prosecution of International Application No. PCT/US2014/
062558.

Heintze, et al. “A CRISPR CASe for high-throughpu silencing”,
Frontiers 1n Genetics, Oct. 2013, 4(193): DOI:10.3389/gtene.2013.
00193.

Mali, et al. “RNA-Guided Human Genome Engineering via Cas9”,
Science, 2013, 339:823-826.

Mali, et al., “Supplementary Materials for RNA-Guided Human
Genome Engineering via Cas9”, SCIENCE, 2013, DOI:10.1126/
Science.1232033.

Hsu, et al. “DNA targeting specificity of RN A-guided Cas9 Nucleases™
Nature Biotechnology, 2013, do1:10.1038/nbt.2647.

Hsu, et al. “Supplementary Information-DNA targeting specificity
of RN A-guided Cas9 Nuclease” Nature Biotechnology, 2013, 31(9):827-
382.

Gilbert, et al. “CRISPR-Mediated Modular RNA-Guided Regula-
titon of Transcription in Eukaryotes”, Cell, Jul. 2013, 154:442-S5.

Jao, et al. “Efficient multiplex biallelic zebrafish genome editing
using a CRISPR nuclease system” Proceeding of the National
Academy of Sciences, 2013, www.pnas.org/cgi/dor/ 10.1073/pnas.
1308335110.

Zhang, et al., “Optimized CRISPR Design™; XP055167487, Oct. 23,
2013, URL:http://crispr.mit.edu/about[retrieved on Feb. 9, 2015].
“Fixes, extra genomes, and improvements to the CRISPR Design
Tool” Google Groups, XP055167583, Oct. 21, 2013; URL:https://
groups.google.com/forurm/#ltopic/crispr/g9Q8U 1tNSis [retrieved on
Feb. 5, 2015]. 1.

Holmes, “CRISPR Genome Engineering Resources” XP055167586,
Oct. 2, 2013, https://groups.google/forum/#ltoplc/crispr/5Bply
Y3ylG [retreieved on Feb. 5, 2015].

“Crispr genome engineering” XP055167591, Oct. 5, 2013, https://
web.archive.org/web/2013100500 [retrieved on Feb. 5, 2015.
Holmes, “Understanding Scores” XP055167918, Oct. 23, 2013,
https://groups.google.com/forum/'1profo_nt50txrP9Ybb6e
LXccolb9hN17gKeMLtorgaVQ410sQ/crispr/fkhX7Fu3r-1/
1z1IHXKT76pYJ [retrieved on Feb. 6, 2015].

Lou et al. “Highly parallel identification of essential genes in cancer
cells”, Proceedings of the National Academy of Sciences 2008,
105(51):20380-20385.

Fu, et al. “High-frequency ofl-target mutagenesis induced by CRISPR -
Cas nucleases 1n human cells”, Nature Biotechnology, 2013, 31(9):822-
826.

Cong, et al. “Multiplex Genorne Engineering Using CRISPR/Cas

Systems” Science, 2013, 339:819-823. DOI:10.1126/science.
1231143.

Cong, et al. “Supplementary-Multiplex Genome Engineering Using
Crispr/Cas Systems” Science, 2013, DOI:10.1126/sciences.
1231143.

Jinek et al. “RNA-programmed genome editing in human cells”
E-LIFE, 2013, 2:E00471. DOI: 10.7554/eLi1e.00471.

Jinek et al. “Figures and figure Supplements-RNA-programmed
genome editing in human cells”, E-Life, 2013, 2:¢00471. DOI:7554/
e.Life.00471.

Qu, et al. “Repurposing CRISPR as an RNA-Guided Platform for
Sequence-Specific Control of Gene Expression™ Cell, 152:1173-S7,
Feb. 28, 2013.

Seung Woo Cho, et al. “Targeted geonome engineering in human
cells with the Cas9 RNA-guided endonuclease™, Nature Biotech-
nology, 2013, 31(3):230-232, including Supplementary Information
1-11.

Shalem, et al. “Genome-Scale CRISPR-Cas9 Knockout Screening
in Human Cells”, Science, 343:84-87, Dec. 12, 2013.

Wang, et al. “Genetic Screens in Human Cells Using the CRISPR-
Cas9 System”, Science, 343:80-84, Dec. 12, 2013.

International Preliminary Report and Written Opinion of the Inter-
national Searching Authority dated May 3, 2016, which 1ssued
during prosecution of International Application No. PCT/US2014/
062558.

Sapranauskas, et al., “The Streptococcus thermophilus CRISPR/Cas
System Provides Immunity in FEscherichia coli,” Nucleic Acids
Research, vol. 39, No. 21, pp. 9275-9282, Aug. 2011.

Semenova, et al., “Interference by Clustered Regularly Interspaced
Short Palindromic Repeat (CRISPR) RNA Is Governed by a Seed
Sequence,” Proceedings of the National Academy of Sciences, pp.
10098-10103, Jun. 2011.

Shalem, et al., “Genome-Scale CRISPR-Cas9 Knockout Screening
in Human Cells,” Science, vol. 343, No. 6166, pp. 84-87, 2014.
Terns, et al., “CRISPR-Based Adaptive Immune Systems,” Current
Opinion 1n Microbiology, vol. 14, No. 3, pp. 321-327, Jun. 2011.
Tsal, et al., “Dimeric CRISPR RNA-Guided Foki Nucleases for
Highly Specific Genome Editing,” Nature Biotechnology, vol. 32,
No. 6, pp. 569-576, Jun. 2014.

Van Der Oost, “CRISPR-based Adaptive and Heritable Immunity in
Prokaryotes,” Trends in Biochemical Sciences, vol. 34, No. 8, pp.
401-407, Aug. 2009.

Wang, et al., “Genetic Screens in Human Cells Using the CRISPR/
Cas9 System,” Science, vol. 343, No. 6166, pp. 80-84, Jan. 2014.
Wang, et al., “Genome-Scale Promoter Engineering by Co-
Selection MAGE,” Nature Methods, vol. 9, No. 6, pp. 591-593, Jun.
2012.

Wang, et al., “One-Step Generation of Mice Carrying Mutations in
Multiple Genes by CRISPR/Cas-Mediated Genome Engineering,”
Cell, vol. 153, No. 4, pp. 910-918, May 2013.

Wiedenheft B., “RNA-Guided Complex from a Bacterial Immune
System Enhances Target Recognition Through Seed Sequence Inter-
actions,” Proceedings of the National Academy of Sciences, vol.
108, No. 25, pp. 10092-10097, Jun. 2011,

Wu, et al., “Genome-Wide Binding of the CRISPR Endonuclease
Cas9 in Mammalian Cells,” Nature Biotechnology, vol. 32, No. 7,
pp. 670-676, Jul. 2014.

Zhang, et al., “CRISPR Genome Engineering Resources,” Zhang
Lab, retrieved on Oct. 2013, 3 pages.

Zhang, et al., “Optimized CRISPR Design,” retrieved from www.
groups.google.com/forum/#!forum/crispr, on Feb. 5, 2015, 2 pages.
Hsu, “CRISPR Design Tool—Google Groups,” retrieved from
www.crispr.mit.edu/about, on Feb. 5, 2015, 2 pages.

The Broad Institute Inc., International Preliminary Report on Pat-
entability 1ssued 1n International Application No. PCT/US2014/
062558, 9 pages, dated May 3, 2016.

The Broad Institute Inc., International Search Report and Written
Opiion 1ssued 1n International Application No. PCT/US2014/
062558, 16 pages, dated Feb. 17, 2015.

Barrangou, et al., “CRISPR Provides Acquired Resistance Against
Viruses 1n Prokaryotes,” Science, vol. 315, No. 5819, pp. 1709-
1712, Mar. 23, 2007.




US 11,149,267 B2
Page 6

(56) References Cited
OTHER PUBLICATIONS

Bikard, et al., “CRISPR Interference Can Prevent Natural Trans-
formation and Virulence Acquisition during In Vivo Bacterial
Infection,” Cell Host & Microbe, vol. 12, No. 12, pp. 177-186, Aug.
16, 2012.

Carroll, “A CRISPR Approach to Gene Targeting,” Molecular
Therapy, vol. 20, No. 9, pp. 1658-1660, Sep. 2002.

Carte, et al., “Cas6 1s an Endoribonuclease that Generates Guide
Rnas for Invader Defense 1n Prokaryotes,” Genes & Development,
vol. 22, pp. 3489-3496, 2008.

Zho, et al., “Targeted Genome Engineering in Human Cells with the
Cas9 RNA-guided Endonuclease,” Nature Biotechnology, vol. 31,
No. 3, pp. 230-232, Mar. 2013.

Chylinski, et al., “The TracrRNA and Cas9 Families of Type II
CRISPR-Cas Immunity Systems,” RN A Biology, vol. 10, No. 5, pp.
726-737, May 2013.

Cong, et al., “Multiplex Genome Engineering Using CRISPR/Cas
Systems,” Science, vol. 339, No. 6121, pp. 819-823, Feb. 2013.
Cradick, et al., “CRISPR/Cas9 Systems Targeting B-Globin and
CCRS Genes Have Substantial Off-Target Activity,” Nucleic Acids
Research, vol. 41, No. 20, 9584-9592, Aug. 2013.

Deltcheva, et al., “CRISPR RNA Maturation by Trans-Encoded
Small RN A and Host Factor Rnase III”, Nature, vol. 471, No. 7340,
Mar. 31, 2011, 602-607.

Doench, et al., “Rational Design of Highly Active Sgmas for
CRISPR-Cas9-Mediated Gene Inactivation”, Nature Biotechnol-
ogy, vol. 32, No. 12, Sep. 3, 2014, 1262-1267.

Edgar, et al. “The FEscherichia coli CRISPR System Protects

from ? Lysogenization, Lysogens, and Prophage Induction,” Journal
of Bacteriology, vol. 192, No. 23, pp. 6291-6294, Dec. 2010.

Fischer, et al., “An Archaeal Immune System Can Detect Multiple
Protospacer Adjacent Motifs (PAMs) to Target Invader DNA,” The

Journal of Biological Chemistry, vol. 287, No. 40, pp. 33351-33365,
Sep. 2012,

Fu et al. “High Frequency Off-Target Mutagenesis Induced by
CRISPR-Cas Nucleases in Human Cells,” Nature Biotechnology,
vol. 31, No. 9, pp. 822-826, Sep. 2013.

Garneau, et al., ““The CRISPR/Cas Bacterial Immune System Cleaves
Bacteriophage and Plasmid DNA,” Nature, vol. 468, pp. 67-71,
Nov. 2010.

Gasiunas, et al., “Cas9-CrRna Ribonucleoprotein Complex Medi-
ates Specific DNA Cleavage for Adaptive Immunity in Bacteria”,
Proceedings of the National Academy of Sciences, vol. 109, No. 39,
Sep. 25, 2012, E2579-E2586.

Gilbert, et al., “CRISPR-Mediated Modular RNA-Guided Regula-
tion of Transcription 1n Eukaryotes,” Cell, vol. 154, No. 2, pp.
442-451, Jul. 2013.

Gudbergsdottir, et al., “Dynamic Properties of the Sulfolobus CRISPR/
Cas and CRISPR/Cmr Systems when Challenged with Vector-
Borne Viral and Plasmid Genes and Protospacers,” Molecular
Microbiology, vol. 79, No. 1, pp. 35-49, 2011.

Hatoum-Aslan, et al., “Mature Clustered, Regularly Interspaced,
Short Palindromic Repeats RNA (Crrna) Length 1s Measured by a
Ruler Mechanism Anchored at the Precursor Processing Site,”
Proceedings of the National Academy of Sciences, vol. 108, No. 52,
pp. 21218-21222, Dec. 2011.

Haurwitz, et al., “Sequence- and Structure-Specific RNA Processing
by a CRISPR Endonuclease,” Science, vol. 329, No. 5997, pp.
1355-1358, Sep. 2010.

Heintze, et al., “A CRISPR CASe for High-throughput Silencing,”
Frontiers in Genetics, vol. 4, Article 193, 6 pages, Oct. 2013.
Holmes, “Announcement, Fixes, Extra Genomes and Improvements
to the CRISPR Design tool—Google Groups,” retrieved from
www.group.google.com/forum/#!topic/crispr/ g9Q8UItNSIs, retrieved
on Feb. 5, 2015, 2 pages.

Holmes, “Announcement, Understanding Scores—Google Groups,”
retrieved from www.web.archive.org/web/2013005002950, on Feb.
5, 2015, 2 pages.

Horu, et al., “Generation of an ICF Syndrome Model by Efficient
Genome Editing of Human Induced Pluripotent Stem Cells Using
the CRISPR System,” International Journal of Molecular Sciences,
vol. 14, pp. 19774-19781, 2013.

Horvath, et al., “CRISPR/Cas, the Immune System of Bacteria and
Archaea,” Science, vol. 327, pp. 167-170, Jan. 2010.

Hsu, et al., “Development and Applications of CRISPR-Cas9 for
Genome Engineering”, Cell, vol. 157, No. 6, Jun. 5, 2014, 1262-
1278.

Hsu, et al., “DNA Targeting Specificity of RNA-Guided Cas9
Nucleases™, Nat. Biotechnol. vol. 31, No. 9, Sep. 3, 2013, 827-832.
Hwang, et al., “Efficient genome editing in zebrafish using a
CRISPR-Cas system,” Nature Biotechnology, vol. 31, No. 3, pp.
227-229, Mar. 2013.

Jansen, et al., “Idenfification of a Novel Family of Sequence
Repeats among Prokaryotes,” OMICS: A Journal of Integrative
Biology, vol. 6, No. 1, pp. 23-33, Feb. 2002.

Jansen, et al., “Identification of Genes that are Associated with DNA
Repeats 1n Prokaryotes,” Molecular Microbiology, vol. 46, No. 6,
pp. 1565-1575, Apr. 2002.

Jao, et al., “Eflicient Multiplex Biallelic Zebrafish Genome Editing
Using a CRISPR Nuclease System,” Proceedings of the National
Academy of Sciences, vol. 110, No. 34, pp. 13904-13909, Aug.
2013.

Jlang, et al., “RNA-guided editing of bacterial genomes using

CRISPR-Cas systems™, Nature Biotechnology, vol. 31, Issue 3, Mar.
2013, 233-239,

Jinek, et al., “A Programmable Dual-RNA-Guided DNA Endonuclease
in Adaptive Bacterial Immunity™, Science, vol. 337, No. 6096,, Aug.
17, 2012, 816-821.

Jinek, et al., “RNA-programmed Genome Editing in Human Cells,”
Elife, vol. 2, 00471, pp. 1-9, Jan. 2013.

Konermann, et al., “Optical Control of Mammalian Endogenous

Transcription and Epigenetic States”, Nature, vol. 500, No. 7463,
Aug. 22, 2013, 472-476.

Luo, et al., “Highly Parallel Identification of Essential Genes in
Cancer Cells,” Proceedings of the National Academy of Sciences,

vol. 105, No. 51, pp. 20380-20385, 2008.

Maeder, et al., “CRISPR RNA-Guded Activation of Endogenous
Human Genes,” Nature Methods, vol. 10, No. 10, pp. 977-979, Oct.
2013.

Makarova, et al., “Unification of Cas Protein Families and a Simple
Scenario for the Origin and Evolution of Crisprcas Systems,”
Biology Direct, vol. 6, No. 38, 27 pages, 2011.

Mali, et al., “RNA-Guided Human Genome Engineering via Cas9”,
Science, vol. 339, No. 6121, Feb. 15, 2013, 823-826.

Mali, et al., “CAS9 Transcriptional Activators for Target Specificity
Screening and Paired Nickases for Cooperative Genome Engineer-
ing,” Nature Biotechnology, vol. 31, No. 9, pp. 833-838, Sep. 2013.
Marrathni, et al., “Self Vs. Non-Self Discrimination During CRISPR
RNA-Directed Immunity,” Nature, vol. 463, No. 7280, pp. 568-571,
Jan. 2010.

Mojica, et al., “Intervening Sequences of Regularly Spaced Prokaryotic
Repeats Derive from Foreign Genetic Elements,” Journal of Molecu-
lar Evolution, vol. 60, No. 2, pp. 174-182, Mar. 2005.

Moiica, et al., “MicroCorrespondence: Biological significance of a
family of regularly spaced repeats in the genomes of Archaea,
Bacteria and mitochondria,” Molecular Microbiology, vol. 36, pp.
244-246, 2000.

Nishimasu, et al., “Crystal Structure of Cas9 in Complex with Guide
RNA and Target DNA”, Cell, vol. 156, No. 5, Feb. 27, 2014, pp.
935-949,

Perez-Pinera, et al., “RNA-Guided Gene Activation by CRISPR-
Cas9-Based Transcription Factors,” Nature Methods, vol. 10, No.
10, pp. 973-976, Oct. 2013.

Qu, et al., “Repurposing CRISPR as an RNA-Guided Platform for
Sequence-Specific Control of Gene Expression,” Cell, vol. 152, No.
5, pp. 1173-1183, Feb. 2013.

Ran, et al., “Double Nicking by RNA-Guided CRISPR Cas9 for
Enhanced Genome Editing Specificity,” Cell, vol. 154, No. 6, pp.
1380-1389, Sep. 2013.




US 11,149,267 B2
Page 7

(56) References Cited
OTHER PUBLICATIONS

Ran, et al., “Genome Engineering using the CRISPR -Cas9 System”,
Nature Protocols, vol. 8, No. 11, Nov. 2013, pp. 2281-2308.

* cited by examiner



US 11,149,267 B2

Sheet 1 of 17

Oct. 19, 2021

U.S. Patent

s filsiRevals
feistidi {agg

SRt

]
gy
£
)
o
&
<o

- b & &
&
- l**** -III..bb
i & -
S O .-.__l -.Tb.b.l.”l..?.f.__.q 11-111--||.1.
.__I.T.T.Tb..r.rl. At i-.r.__.qu .__.T.r.:..__.-.__.-iq ---------- :
: e . mr
aonete o nhees " . R
LA e, i ol
L O s L o
.__.__.r.r.._n. ...... L] e L ;
Sl AL A R |
SeaTeato o S b e I
a a & e & - e .r.r.r.T.T.r
ey RN PR MR Ta e A . L ﬁ. -.l."P
2t .__....-..l.........__. - -.-...._.rl.r.__.-.. .....-..-..-.i ....-..i.-_ .-.i.-_l : Sk
o P i & & i " M N L
Ao A A S M ] - i IR
L] ' -#iiii ' e e .__.__l.__.T.r.r
RS . OGN l.r.r.T.T.T.-
» . ..r.r.r.t....-..._ Tetatelatels: : e,
. RN o e & & & - A
L . it e e L
Sl S Txtaretatel R
A ok R I ol e
L N N R ..._..-_.._....._ i o
. N O I a sk dod 1?{‘#}.. .T.T.Tl.ll.
a bk i ik k .n.._.._.._......_..._ ..._..-_i.-_l.._ .r.r.........-_.-..-.
. N 1.._.__.__.....-...... 1.;.1".-.. .-...........-...-.l
oa a i A [ it 1.-_lI||.._ ....._........-.....-.
L . b b kodrdoa -.T.r....r........l..-.h Ly Tats! .r.........-..r.-..-...-.h
X i i & & A ™ FiglFia i iy iy .!i-I-.Il_.._ o
P oo . s ......._..._........._il_n A
I A qqk*....___.___..... O .. s
xR e R M e X x o . w i dr i 1.r.r.r.._..-..... o ' .
HHH HH HH HHHH H HHHHHHH | HHHHHHHH . I l.?l.}.ll.l}.}.l. 1.;..:. o dr A g i i . .
.- AN HHHHHH HH Hﬂﬂ X X X o Hﬂxﬂxﬂx -b.b..:. ; .r.-. l
.n . . p . Ry B .
A T . - l 1
A = i i . . .
.- HHHHHHH HHHHHH l l .__. ... .
- |H"" . | T I ot | . |
“ HH HHHHHH HHHHHHHHH 1.-.l.l. l.-l.q.-.. .1.__1__ 11111111 .
XX 3 E I B 434 ey | .
HHHH xx HH ----------
] X XEX XX -HHHHH | . . |
A N X W
] XXX X X -HHHHH | . .
- xS i -
.‘ A ERXE XX |HHHHH | .
A T o -
F [0 oy |
“ A stetalitet | -\_
g £ A .1.“
.‘ F |HHHHH | .
E N o J
] X XEX XX -HHHHH | ...
- X X
= i i o .
] M AR o -_
= i .
.‘ ] !.
. X X X X . . ;
.- ] .,...
Pt X X X .
.- F . .
b ® X ¥ X . | - ‘
.‘ ] |
Pt X X X . . .ﬂ
.- F .
Pt X X X X . .
.- F A % .I
= i - .
A
“ |HHHH“HHHH ﬂ . l. .l LI ] ...'...b...b...b...b...b.u
A -
] . o R e ... g PR .......1.....“......“###t#k#k”#ﬂk#######kknﬂ
.‘ .,....,.H. r HHHHH“H“H b ] . L L] L .'....;...b....'....'...b....'....'.h.b....T.'.h.}..:..:..:..'..:..'..:.H.T.:..:..:..T.:..:..:..T.:..:..:.H.:.”.:..:.l..:..:..:.##.#.TH.!H#}..T}.#}.#}..T}.#&.”&.&.&.;
- by . L] - o Jodr A b A Jr dr dp i e Ty Mol Lo 1
] . i I- o ....................._.......l....................._....... oy o I
. b x x x x . .................._..._......_....... .._..._..._..............-_I aixls % :
] - i T T T M e R R R
3. ur . . B N ...__.,_..v_.._..._..___u__n...._.._....._.. v._ ] .
.‘ '" . b | L Hﬂxﬂﬂﬂxﬂﬂ .r}..:. L] i l.l.b.b.b.b.i W, "H I.H.;.Hl. ! .u__.-“u__“”H l.b.b.}.i ol i l..:..:.h
§ L xnun”annn e = ] .H.q._.. 4.;”*”...4 P ....4:....# Mo #&H*H...H.a....f..r.._...”&”.q”...nh
n tutal i d kW T Tatute? o
q . .ﬂ . ; ._...4.4......................4.4....4.....1.....1...... W i i RN N
¥ E EE L .......................r................r .........................r.r.....r.... e
= X O ) dr e dr dedy T s
.- E .Tb.b.b..'b.b.b.b..:.b.b..r#?b.b..r.r.f b.b.b.b.b.b..rb..T.r.r.T.r.r
] LA L] r RHHHHHHHH - . .r.....r.....rH.r.._......._..r.._..._..._..r....r...H.._..r....r....r.._..r....r....r.._..r....r....r ey =
e xx g ; i . .r.r
“ G Hﬂxﬂﬂﬂxﬂﬂ |i. v od oA ok ok kA .rl.._1.:.b.b..rb..rl.b..T.rl.Hb.”b.Hb.b.b.?b..rb.b.Hu
- 2 2 . .r .....__. ......_. .._..._. ._..
.- r ”HHH”HHHH . i i b k k& kb.b.b.b.b.b.b.b.b.b.b..fl.”b.b.}.”b.b.}. .:..:. .:..:. .:.H .TH .:.H .:..'. ._1.:. .:.b. .:..-. .:.b. H.:. H}.b.}.k#b.}.b.b.k”.!”.!”k#b.#n
o ¥ X
b x . S .q......k.qt_.#...:#tﬂ_.tk*...k..F...t.;...k#kk#ﬂ...*#...;ft...kv...
] O - ....r..............................r..........r.r....r ...................r.............r.r............................
~ . S N i e i P P e .q...._........ntt....q*..r
3 d A A adpa i i ................._.._1....._..........._........._........r......f...............r...........................h
N . x .._:1_....k.q....q*...t*r#...kk*...k.qv.;k*...k...k
] a A KA i i u_.._.._......_.........r.r....t.r.....r.........._..............._..._..r....._..._................................-
by x x o x . i i i .r.-...........-.......t.;..;..t............ .........-...........-...r.r.....-.......r
¥ x x m A ) ST .........._......................r.._......r.r.._..r.._..._..............._.h A
= i 3 & i ....._..................r.........._..r.r.r.... ......_..r.............._..r.....r...... -
] 2 M MM N i W ._..............r.r.r.....r......_..._..._..._..._. .r.._............r.r.............................h
e x 2 x g iy i i i .._..._..._..._..._..._..._..r........r.r.r............................r....r....r...
] ] i o ..........1......1......1..1._1..1.............._..............._..r.._..r.....:._........................._..._.....h
= i . ir i .._......._..............r.......r....r.._.............._............._..r.._......r....
¥ A A g P N .r......................................_..r................_........._..._.h
o . R it e P i et ....q#...k#rtkk*...kk...*...&.........ttttttt
¥ A, ~*ﬂﬂ~*:***ﬁr**r* ey
| n o o 4 4 P,
- . ) > a
.‘ ]
F A .
.- HHHHHHH . |
] Hﬂxﬂﬂﬂxﬂx II | |
.‘ Pt X X X X . . | II
- FANNL L ] M. »
“ oy
.- | .-_ il .
¥ .JI-.
Tnat ¥ ]
wa

RIH B IS LREE
UOFISONG 3

fowe
L0
g
s
fon

.‘ LM JINEH .
UOHEBONG BEETY 1AM m _\

dl old Ny

doo e e KO
PACHLESU fa )

| g
Suheord AJRUBSRL

o WISHHT Sy FUGHDLS .."
mw.wms._..»wwﬂmwlm ..M»W Armt et e e
: .“n. M“

Suiouanbas
e and AIDAISERlY
GUIST 2fenunge

ir

[)

r b b =
i X

[
-
L]
L]
Ii

& i ......”.r..-..“
LRI
."I.-.Il- . - . . - L .-I__
T elelel s
." L ] L} -

LN N

HiEEE
YR 05 (0 UOBUIBRALLOT




US 11,149,267 B2

Sheet 2 of 17

Oct. 19, 2021

U.S. Patent

YNMDS DODURIR - PR YNHES DEpUBLS-SNd BEE

RS RN $¥Li/ mmM,@\w.. ...................

001 ¥ Bupebiei-uon

- el R -
Dl HiRi LU} UAADUNUN -~ %@ﬁ ¢ # P

OESIE ERJE PESIONN
OE86 CE6 1A 80
0L0% 205 SBBLN

LF1E &8 GIB10UG IBLIOSDIM

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

B3 sitacs
W L IOLO5E

aaaaa

mﬁﬁmmm Saliah) O SoUsnhas SHNeds- GRS I WU B sousnbes Duineo sammsue) B

,,,,, PYWSd
21 Ol 41 9Old

LODOD LS Bl
LK O] O4LOF LIROMISO (O BB RSUMOD sops efeeuo
YL S IRUAICEOUID.Y SUCKSD BAIMASLOD O] SOUNIBLISEY

mw.m@wmwﬁ»mm 30} R P ] wotinisiodg Fop @l il oo LHBRUOG IRTHA mﬁ‘xmmﬁ

USSOY2 SYNHDS BLISIS aousnbag Buluonisod jeBie; T Apouyoeds jebiey T EpipuEd




US 11,149,267 B2

Ay : - . : : : d b e
-~ ok s ”.. : j T - - . | : . . s . ‘m e ¥t "k : I . | ¥ .........“_. .ﬁu.:. A A .ﬁW.n .” Mg ....m. " .R.....m_u . .ﬂwm.. ..W

* ‘-
[ ]
‘ .
.x“xmx“xmx“ “xmx“xmxmx 11111111111111111111111 Mx“xmx“x” Mx“xmx“xmx
A I ror e rte e e e e R o e A A
o e W A A A A T R R R R R N L L ] XN NN N E
i P r e e e e e e e e R o A i
A A ML, 0 s s e Ta e d e A A AR A A A
e oo o e I e R i R o e A,
.xxxx.xxxnx ”xnx“x”x”x ....................... i Hx”x”x”x” i ”x”x”x”xnx
...........
R I ror e rte e e e e R o o e ey R
oo o e AW A A A A P R R R R R R R R R R | Fo i F
i xS R I R o o e e ey i
PR P R A, 0 e e e e TaTa TRl i i
o o e o I R R R i R o o e e A
P TR Tt e oo o o oo
e A A N L L L B Moo ool
A a0 R A e RN YU 2 A
I roeree e et e R o e A A
xR e R LR i i
I ror e rte e e e e R o o e ey R
AL, 0 s e Ta e a e O XA A A
1 xS R I R o o e e ey i
a0 R R RN i O
- , - - . !HHRHHHHHR ----------------------- = HHHHHHHHH ] HHHRHHHHHR
o e g .. MO, T T T o A
a e ad B R xR A,
. A a0 R A e RN YU 2 A
n g rrrrrr srrrrr e oo ) i
ol e HH”H”H”H”H r “ r ” r “ r “ r ” . . “ r “ r ” r “ " “ .” = ”H”H”HHH“ ] “HHH“HH!”H
Al rrrrrr srrororor e Al o N
0 ) . o, -y xxrxxxrxrx ....................... F rxxxrxxxr. rxxxrxxxrx
. . i 3 . ., b . . Ao R e LR I O
H . . P r e e e e e e e e R o o e e i
-‘ ‘ .ﬁ Ly . . HH!HHHHHHH ----------------------- = HHHHHHHHHL !HHHHHHHHH
K - . k .-..” ¥ e o NN R A MMM MO [ ) A PP
LY : . Ko ] x add BT M s A Tl T oo oo o oo
----------- Fo i F
111111111111 e oo g
1 w . W e e e e e e oo o o oo
' . L L XN N N M M OA M N M
e mamy peme fmgT may u gl m o m el g et e e e b o e ) i
. . ‘ R RE R e T e e e e F o A M A M N
. . £ R R MO RS Al 23w 22 A e e
e - i AR R A, S A e s W o o o
L R R R AR R ST WA R ITTE el e P e e P
t 111111111111111111 P e
111111 O A
Qd T T L R,
ﬂ ' A,
2 A
A
i
R
XA A A
i
O
h s
S ...................................................................

111111
-------------
11111111111111

R
.-";.- ™
e A
. o
; N
M I x:x"
i, o
)
N
ek
N xi!x?!:
¥ L
iy N
xn::x:n::'. y
) :!xx__'-. :
X X
3 LY
™
o W

s, . .
L e e e e e
PO

seden yead HedoH
CORLRAC-SIDLIG LIDELUSHA

r

Oct. 19, 2021

d¢ ¢

U.S. Patent

18

i;;ﬁ EE:E

¥
wh

L]
‘i

Je

Tty iy
Lera
gl S

:



OBIBSAUN QUG sH0T DBILBAUN QUnes 2o
LBORISOU DRLICUSD LIDIHSOU DRUDUBY 3 > G (i G 3

....................
...................

.......................................................................
----------------------------------------

lllllllllllllllllllllllllllllllllllllll
---------------------------------------

US 11,149,267 B2

---------------------------------------
lllllllllllllllllllllllllllllllllllllllll
1111111111111111111111111111111111

------------------------------------
llllllllllllllllllllllllllllllllllll
1111111111111111111111111111111

--------------------------------------
lllllllllllllllllllllllllllllllllllll

---------------------------------------
llllllllllllllllllllllllllllllllllllllll

------------------------------------
llllllllllllllllllllllllllllllllllll

--------------------------------------------------
lllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllll

i
N

aryea-d oo

llllllllllllllllllllllllllllllllllllll
-------------------------------------
--------------------------------------
--------------------------------------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
--------------------------------------------------------------------------------
------------------------------------------------------------------------------
----------------------------------------
-------------------------------------
----------------------------------------
--------------------------------------
-------------------------------------

---------------------------------------
----------------------------------------
---------------------------------------
-------------------------------------------
-----------------------------------------
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
-----------------------------------------

---------------------------------------
----------------------------------------

llllllllllllllllllllllllllllllllllllll
---------------------------------------

--------------------------------------

--------------------------------------

lllllllllllllllllllllllllllllllllllllllllll
----------------------------------------

------------------------------------------

---------------------------------------

-----------------------------------------
----------------------------------------

-----------------------------------------

--------------------------------------------
------------------------------------------

-------------------------------------------
------------------------------------------

.........................................
..........................................
..........................................
...........................................
...........................................
..........................................
...........................................

---------------------------------------------

!
by

--------------------------------------------
---------------------------------------------

-----------------------------------------------
----------------------------------------------

lllllllllllllllllllllllllllllllllllllllllllllllll
-----------------------------------------------

ak
[
£
Vil

RINOD 2507

llllllllllllllllllllllllllllllllllllllllll
--------------------------------------------
-----------------------------------------

N0
VA # g VEL # g v 5

------------------------------------------------
------------------------------------------------------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
-------------------------------------------------
--------------------------------------------------
------------------------------------------------
-----------------------------------------------

-----------------------------------------
--------------------------------------------
----------------------------------------------
-----------------------------------------------
-----------------------------------------------

L]
. e L L T L L L L L L L L L L L
A om mm omm %R e L L L e e , .
. 7 L Lo
Fah S L SN
e e L L L L D I D D LD LD D e Y S
(.M.M H M4 e R L L L L L L L L L L L L L L PR
A End A e e T e e e e e ; -
............................................. Lo

------------------------------------------------
---------------------------------------------

-----------------------------------------------
------------------------------------------------
----------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllllll
--------------------------------------------------
--------------------------------------------------
--------------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllllll

Bk

------------------------------------------------
------------------------------------------------
-------------------------------------------------
--------------------------------------------------
----------------------------------------------------------------------------------------
--------------------------------------------
---------------------------------------------
llllllllllllllllllllllllllllllllllllllllllllll
------------------------------------------------
--------------------------------------------------
-----------------------------------------------
----------------------------------------------

"
"

UTI0D 2BO

---------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------
-----------------------------------------------
---------------------------------------------
----------------------------------------
-----------------------------------------

-----------------------------------------
------------------------------------------
-----------------------------------------

A TN
<

lllllllllllllllllllllllllllllllllllllllllll
------------------------------------------------------------------------------------
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
-------------------------------------------------------------------------------

-----------------------------------------

.
....................................... Oy ' Oy . . JE N R e R R e N R R TR e ata s .
- . " m = a g vk a bk ad s s drs a2 s &2 5 a2 = s 5 s = s = a s = F & =& = rFr & . " - - a masa ha sk s a s a s a s xrha s s s a s a s pgHE =" s - " n n r
- xR e el s R e T L L L T -- " r 2 L i L --. T . -. n
L o R R R N N N N et . T R R R R R R R N R R R R R e T e T e e
T e e e R e i Lt R Sl I T "a Sy L L T L L L L e = . . .
. ) : ) B T L L ' H T T L L L P ek : " r
T oaa B O® 00 emrelelmlelelelelmwlalelelels netae e le e el B e T e e e e e e e e e e e e e e e e e e e e e e e o T T v .
. P L T T LT, el LT L L . . A e L L A L B L .
----------------------------------------------- -l--..lq.--.. ..- 11- . 1l . [ [ -l---l--...-Il--I-.-l-.I-l----------.I--I-I .l-.-- --1 -1.-.1 --. [
B . 1 T R R R R b T R S R T " e T et
L. o Wy WME OB e e L L L . S . e L -
.................. NN N R . . N A N N N e ety et et ottt .
.............................. - . . Tt P ....#"....... = L o .“.”U
) II. lllllllllllllllllllllllllllllllllllllllll ) II.HII-I " .ll1- r " “J . h III II lIlllllll1ll ll.I-ll. - IlllIll II IllI -.I.l d 1 ] Il- ll . Il- b m
..................... "m" ST .o . . . . x......w...x................... .t
............................. . e . . e e e e e
. . i . et . e e P . .
- T N N N R R N NN et P e v
. . o B TP P S . . .
et e . = e - Cetate LTt TR e i T T Lo
. .
.. -
.

oy | § SR _”wm._..mm".m.._._.. g : T ganl L L .
SYNHES pedueH SYMNHES paiieyd e @ o ews

* e
ey
)

A'- '{ -_"_.
L
*

Sheet 4 of 17
y:

KOGD

i

{2
1131238

:

e

"
¥
W1
¥

- 3 Lttt L L e L)

44

DRIESL-BD

.....
.............
...............
..........

********
############

###########
#######
######
rrrrrrr

SHU - DOIBOLL
&
;
3 g

YINHUS aLes - # wiiBs DD -
1 BAGDLS @ NGOBS #

V240108 v | YZariihs e

Oct. 19, 2021
2

o3
SO0 8o
LAY - O
Lo
SHANCO S50

e
{3
o
XA
E:r
S
fi‘.
1_.“6'
:;_;}
T
£

YNREs onue) -
GHa0bs &
CACING # U : o a

G9H _ LG G91H LINEM

2
o

134

s
© A g §

0y
o
{3
.
7 L B,
oo fi':::__;l_
NEIRS)
.
o
(6

L

az ‘ol NZ “Ol4

U.S. Patent



U.S. Patent

Oct. 19, 2021

o,

LA Y

L o -,
N NN

|

-

F
E " »
xx.x?lx?l?lHHHH!H?‘HHHHHHH*HHH .ﬂ..n..

F ]
T e
t:#:q-:dr*l-*l-*#:#:a-:a
LN L
) ¥ kX
LY X ¥ .
ol & X K
L L
P Eaas
L X K.
ke X X X
LY S
X X & X koK
L L
yox N Eaas
LN L
ol X koK
LY )
X X B X kK
L L N
':*:*:*4 X ﬂ:"‘:"’:"
L N g
X ok ok Kk kK Nk
L 0E 08 F 0 ok o
Ea St
E X XK FBEE L
Ea ) ks
L P )
X X N X X K
L o e ) L
P s
L 3 e E
ko X X X
L N L
X kN ¢t
L L
yox % ol
LN o L
X k& X koK
LN o X ¥ .
x & & i) X X X
L 3 e ) L
Eaa ) Eaa
FExEE RN E L
bt aF ol o b o
U N el g
X ok N K kK KNk
L aE o f o 0 ol e
) ol
L 3 ) L3 )
b X koK
L ) M )
X X K X X KX
L ) X X K &
EaEa ) Pl
L N ) L
Xk x % X X X
LN ) N
Xk x % ¥y koK
L ol a8 ) & K K &
¥ XK. ol
L N ) L N
) Ll
L N N g
X ok X K K X KK X
LS 0 0 0 o ol o
S
E XX EEE RN
bt 3l o o
L R el g
M MM MR

t:#:&:#:l:l:&:&:&:l
L N R
X X X K &K KKK
L 0E 8 a0 aE ol o
S S
U N kBl
bt af ul aE o
U NN g
X ok N N B E KKK
L 0E 8 f n ol e
S
L N g
bt 3 uf ot o
L N
X ok kK kK KK N
L 0E 08 0 0 ol o
S
E XX EEE RN
bt 3l o o o
U N el e
ot e b
L 0E 8 af aE aE ol o
N S e
LN 0 o o ol o
bt af ol b o
U N el g
X ok N K K kKK K
L SE 08 0 aF aF ol o
S N
KA E B E L
o aE o o
LN N e
X ok N K B kKK
L S 08 aF 3l ol o
S St
EEX X EE RN E L
bt 3l b o
e e e

I
I
r

&
:a-:a-:ar:ﬂ"f&:a-:* .
ko X X X
L N ] B X X .
X kN & koK
L aE ) L
Pl ol
LN L
ok X o X kX
L N X ¥ .

{

RN MR
L R e

»

-
AN NI
-*I*-*I*-*I* *I*I*-

Sheet 5 of 17

F ]
(S :#:\':#:#:#:#‘I _'r:lr:#:lr:lr:#:#:lr:lr:#:
S S e )
N N R AR g )
Y R SN
N K -y )
X o X K oxy L)
% NN ) XX x
wx A ey Mt
e, L P
LR KRR L)
o X
e, x
e AN
F -
e o

x

..-
Foy
™
Foay
[
.

x X
X
)
X
oy
X
w
f
x

..-
Foay
™
o)
Foay
r
.
-
™

r
'

x oo
For g
oap
FO g
PN
FUat g
[

o

a oo
PN
-

x
s
L
s
x

r
.
N )

CE N e N

q-
FUa)
Fo)
)

..-
P
»
»
P
r r
.
T e e e e
»

r
'

x oo
P
PN
A
Py
arar A
F
EN)
Xy
PN
¥
)

e
PN
Xy
E
Py

x oo
Foat g

PN
FUN )

o
FUat g
F
i

X x X
a 4 oar
iy
o dp gy
iy
o a o a
ok

o

E
Foat g
X
FUat
i

i
i
'

..-
& o

r

.
P
»

r
'

NN
A R

x
i
ity
i
)
i
r
'
i

q-
N A D D NN N D DE N N 3 N N )
P N NN NN NN N NN N NN

D B o e e 3

s
s
*
a
I3
I
I
L

Foay
Foay

..-
e e e T e T e e e e e e e e e e T e e e

r

.

J,

a

™

2

a

™

J,

x

T T T e T e e e

D N e e e A e e e e e e O ]

T e e e e T e

T N N e
-
i
i
a
J,
J,
a
i
i
i

e e e e

w
a
»
>
»
F
]
>
¥
»

O e N N A

N N N N )

*:4 :J-l'l'l--l EE
. {3

lr*#*: : AN _rr:a-:a-:ar: :::n :a-:a-:a-:
:#:Jr:l': 1) : a - e
X XK L) &

N ¥

X XK ¥ *

:*:*:*:*:*:* :*Jr"

Sk ok

N

X X K K K kKK E

L Sl okl

N =

LN EES

X X & X ko a

LAY Eas

X X & X kou

L EaE

X & % X s

L Eal

P L

ey MR

L)
- :Jr:dr:q- 4':#:4':4'
- E KR L
LAE e ] L)
- kX L
LRE e ] L)
- E X L
L e ] L)
- E N L
LRC e L )
- x X L N
LRC BE DE BE D E N

L Jrf:rl Jrfa-. a-*a-fa-fa-fa-*

R

100

Y

US 11,149,267 B2



y SOV
. l;l:l:-:-:-::; . 'H-"'HIHI"IH]H-
" A M NnN e -
11 A a A l-!.
AA M AN A - AA A A A -
o e :
Py Tt -
.,""lll---!.. AA A AA -
A A A LA A A AN
. ,-:-:-:-:;.::::=- :H-H'n': e . e % J
A A A A !-. 3 ]
n . 2
o S o \ H
Wt i e A g
"""1'""“]“!" 2 il m, '
' - AN A AN N A A .'! i
P ;
F R G - ¢
Wtaa iﬂ]-'--" "HH--- M i
11-'-lln!;. I bl - .
r o 1'::-:-:l:-:-:-. ':-: : - m, " '
- a AN AN - - L% '
', A A A e i
G etetatititeg . ‘
M. AAAaa l'.
. om A MM NN LA - [
S A A ]-! .
AN AN A . N
- 1:::-:-:-:-:-:._ il:]: : 2 i =
P A AN A s AAAA L~ [ ]
e A A :
A A MM NNMN A A A = §
BRI (istetettatel) etitanite - e s
N L, i - h i '
11 A A A A l-! =
AAmNMANA . 3 i
A A A A ] i
i :
1 i i i i & .
. 1‘:":":!:!':!':" My e ?'. b
' n 'l---':-:!:. .y o " . AA AN A '-. " * **I-q - =
. L s, Teix {i
| ot e, B : 1k
I S e Bty :
1 i i i s -
' e oo N i
aa 11 A_A M . m e . .
Rt $eceiuinieted vcninle i : _
L i:i‘-l-l-n-;-!" P .-_:H o AL .
o A A A " H ﬁ:
A A g A -
| x g |E+..' =M x
N § :-:-::::“:':E el - l." .:l- N :*:-*ﬁ- =
, o, | -l-l-! - .-.'.I » Pl 4_1*1* '
W A AL L N - ¥
T e m Sy T [ ]
._"lﬂala'!. ‘- A roar
A_M 3 L |
. -.:-:-':l:l:l:x_: W o AR = g:
T -'n-l:l:.:-l-!:_ e . -l :,;..* s
:1::|::|";|",.":!::- A RN ¥
i l-I-]-'- " ‘:-:"ll X x ]
N e Th R e Y ]
LA A A A A o
&3 . S e -
atatl -:;.:-:-:-H-l:x:: | [ \3} o' u‘n.' L N "
.V ‘il,ll-l-a"-";.*;. A A A A - pEALY s L - k-
B e LML NN o L
1,””!!::"" o '-"-.Ilal ¥
AN A x RA A A L m Cw W i & o
', -."'lﬂlﬂ- bl HHH‘H ) -. o i '
' ':I-l-]-]-l-:' ’ O B oafatrat iy '-lq ** x ' hiobiohicl
{ﬁ ) L% 'l-:-:-:“-laxi. . N A . . -I"I'.I'; [ .'- *‘" A i
gj} ) "l'a'-";.“:?l-!_' A ;ﬂ* -\‘:-," 3 ? R Gt ’ ;
5 A - s 0 T ot
X " €
X % g S o b
bl '- . 'a :':':':':“-l-:.. :"-ﬂnﬂ M . : -t i.i-' 2 -T". R o
A~y - [ ,:l:l-a-;-;:,:!f: -n-a';.:,. o l'l::-i-l:..l :ﬁ..‘* b ...:., = ot
; IR i i LA » W nTy ‘i s N -
iAAA K AAAA Agd i . Ly ) i i [ ]
AN P i i i i i i nptmte 'I‘H'-I- .' s ¥ A
di ] IM‘ L] qi-ﬂ-:-:l“-l!:l T L..'_ -._‘_' 4‘:_1 ] [}
yn N ettty HI e Lol 8 *
n - ) s .
: § gt : s,
: -l R A A A x . ﬁ e x
“,"":'HI . O AL i A . , *, [ ] '
, w? : ":':':"::::': . ) b 3 - t: p R Tas q.qq.q.i
ol A=
: R e i el s . &
R | . A - 1 o
. i i e A A A -, l-.."F s’ ww .
] o A MMM ‘ i -t LY, =
A ¥ : Ll b, ﬂ.i
3 i )
\ -‘n'-'-'-“-':!:_ o *::
.
o
" L *.
-
b I- *-
o
I- *-
"ot
*-

W

{fj ., A

¢3

oh
Ciede

---Hl! A A
. rl HIIHII
- ) i AAAAA
TTT A_A A A A
P o
.

. : :"|ﬁ'|ﬂ 11111 F |
y 'n-a-n:a:l:a::- 'a'a'n':
- e e A
.:':. . g-l !
]

o B Fgiana
S o ' -,.
u :. E i i 2‘{-::2 f -"'; {:‘;\g !'."""'1.
I. Ty g; . v Iq o, i'i
"‘1&"."‘.‘ e [x .

R e Ariardiss: .
A3 AnAd B j-} Qﬁ}?éﬁiiﬁﬁ‘:’a

i
A 1
- A
111i-il-iliilililil'. AN AN
. A AL AL
.

Y g
i...
!

: Eh -] '-- AA A
R 4
e N 'l':-:-:“-l'!:. .
. ‘l'l'-'-“-l-g..
" o M_A J
N ettt g
i 'I-i‘n;.‘;ﬁ; -'l-;n;.._" ._.: :
JEBRIRT o ‘l--- - | !.. . ** - v
B B % v L0
. P M | i i i i i i i - I i
PRTRAET. M e i T P
1" A A A H-Hll. M "ﬂﬂlﬂlﬂaﬂl A '"-"-"“H" . X 4 '
A A A A A A x .
e H O o g :
o RN VT A * Lol ]
f @etatuttatity W = :
W s S, % ;
R A, g A . Wt §
) i:l:l:':“.:l'na'-. :::::"::::-:':l::ﬂ . A AR =
i 3 iy )
| eetiid et e :
:.:,.llll:l:u:.:-. ?l-?l"a: L §
W' qiln:;:-:“l-a!;. A A A =
) b ‘IHI'-'-“-I l.. ] o
b 11 1' - i | l-l'!:. '
. -."-':l:l:l-a-g" . ’
1,"?I:|;|;|";| A A H
e et ‘
1§ A A -l'il-::. 'n'n"n'"""""'"ll" "l?l'?l'n'a" e ¥
A I i L N N n';.'"llﬂ"a;‘;" AN iy - \
i I i LA A A A A o § :
B T A A N A z ¥
L AA i | Agd ' H
e - o b g 'y
" l|‘l'- -'-ﬂ-l !:. A {| s
:i:;l::::::ll::l::. - ﬂ"f o .
) ‘:"'l'l':l":"-": A - 3 = i::
) 1';:.:-:-:-?I-u:_ ;:.:-:'H'H-:u- ) ¥
e Lo e : £33
i . ‘IHI'-'-“-I l.. . ‘_
N i illiI- ] ] .
ittt N L s -
. :l!""'!l‘-l‘-.l‘., 1:1 L Y '
S e S , -
. --.-----lg_. r - x 8
X 'lllll'-' l-!' ) Chl {ﬁ
: . o 4 £ T
. ] §
o B " L g i . LA, ¥ - ng".:
L B ] ‘. *l ﬂ'ﬁ' ' - ; .." -l’ . 1"“"“‘!“!']!' lﬂ- A A A N i }
: A o N, L A Rl k"t‘ - K J,."_.il,.l_a-a-;;' L AL A e e &w x ﬂ"?‘"‘
e 1:!.-!!:"-'; A Wi R, v v, '5 m T b g
S WL ~ v -f T Aoh 3 &
. 1-1:-_1,_‘,_,_,_,_; LA " i x i
i i ¥ 53 $ ot
"~ jl'l'-'-':i‘:f ettt it it ot ~ & - %
S Fe e L 2 Ky
IR BE RN v RA A A A NN N NN x
EEEEER LALA AN AN A AN A e L | -
ik S A A A A AR A A r*.j '..' ;
§ e 4 e SN T
ey i A A A : : . E
o insirag antt "*;' I e > ;' "w“.
! alal 1:1 .|. 1111 g L '
B ionsiss - & g ;
'!;‘lla-a-l-“-i" . . o ”'-
L 1':!‘:';.';."“!'; " eyt o k
) S e W i‘} . x H
s iy S X N
;":l'll!l'a"n': i, i, B %
G RRR T Wies des W s
" : :-:" -':':l; Hﬂ'ﬂ"ﬂ“ﬂ'ﬂ'ﬂ'ﬂlnlﬂlﬂlaﬂ 3 P ‘l‘l'-'l.'.L : :
.7 _él | '--l!-; A ] "
B e _ g
", j,a_a_;._._,-,r A : A o]
“la ,"'-,"'“""1'-1'"'1-"t A h N K, 4
Y AR A ) v
. E:]:;‘:l:':;‘l:l :ﬂl s ! r : 4
S B R
Yata : '!'illil':l-;';.":" » 3:
A TET R RN N u
e 4]
. P i i | i - i
R, "'-"-:l':':':; - @ o o« iy L,
T 1o !H'l ."I.--|" - a e S e e e e N S T npapapapapey | :._ L
e f:f:::::-::::: " {::} {"'}"} ' v g ey
j::":’”‘“" . -" bl {!:-.3 e -_j )
LA A A A -';5,'-"-".. - . ¢
1 A Al . .
B} R e, 3 o : ot
2. ‘!;H;H;H;u;;';" :- —n . ulj j *
e A, o
W L .fﬁ o " £om
Ll | H-H-I-ﬂ- - i - ; '. R i
et o o A ALY wi ! : ¥ 4+ !
"""" J AL ' * . 'j‘{. > 5 ¥ m
QAR A M i AR : ; g
. i:"' o - :-u A :::":";.",.ﬂ - 4 L \&’?
I ,:'.1 FIEEENE :;u :I:n:;: R '
. ::- :?l i e - x
MK e L AN
i SRR reelaln’™ a L3
o L -'-_. Ty T
X 5 " ¥ - S ¢ w4
N h w3 e Ty o ]
! o . ) S 4w
- i .,.': : l:::l:;l"] e wj l;f =, ‘f.‘ﬂrﬂ‘.,f‘rq' =
. e N, :"':?"H'H':":":" N o ety 8
1o LA n e LA : R i
0 :" .:.-'l-ln.lil-ll-l-l:"': - ':I;u i ‘E ." " '.*:*:***“'*‘fq‘r‘# =
it J J N SR T ey o
IR AR e i fictle T —— ) . E e §
¥ b : W -: A A A A g B e W T [ ]
AR oy . oy ST e - =
N Fetaegeeeged wvlelelele e S ‘
Y L A . | -*.,“'Jr‘f 4 . ]
S :" ! b ¥ { P [ ]
N o L A -3 A A i, .
1 .- 'n A - ) "HHH m ?" }
: ‘I : : : :E Hlﬂlnanlﬂlﬂaﬂlﬂlna m § o
N : e . ¥
" '-'-l HHHIHHHH""HHH *.'
N % | L A A A A AN AN Al Wy H
§ SR “ &% %
B ‘l n - l; s ‘MW ""*#i
- i 352
L] 1 n - A o - ' , I
L v ! - ) %
oo SN g neT -
' J L :p HIH-H'HIH'"' e . - 'r‘r‘
o A A N i"ilnil m lr*x m
. :; e nd, * .
o mim : tﬂ' {_i y;a
- SO CM: -
. -
[ ] [ail Bl B}
* &
L
¥ s

|
o
»
-

A

- - a
.
-]
|
-]
ol
'HI

- N
o
y
o
'HI'H
o
.l -, g
™ Ty
e N
™

A,
-]
|
&l

ol
'HI

ol

o

o FrE .
AL
-

ax

{on

.a
-" -
[ ]
A
|
&l
|
&l
h

ey
h

g S E
- : 7 ........ en: s
" s et ' "“""" S {3 2 E E _
+ E é E éé s m m ':, :_f % g ".;:% N g"’:}
& SRR 8 I
gl 35 E E EE E:E.n:n:a_a_a_ M ;{} e {:5 E ::: A

-4 o e

Lid | _

a
T e e .
EI
o M M M
FIE
FI
N
5 o M M M |
o M M M
FIE
-]
L

Y
|
&l
|
&l
h

A
h

iS5y
kX
tan
-

3

a
.
-]
|
-]
ol
'HI

38
Fio
e

o
-]

|
-]

ol
'HI'I'

A 3 E N
w I R REEEREERERNERRERNE]
AN N N
AN N N
AN N N
F
w AN N N
AN N N
AN N N
F

Y
|
&l
|
&l
-

4 a a oa
F ]
= I E FEEEREEEEEEEREEERER]
R
M
o M
R
M
o M
R
M
o M
|
h

NN N N
HIIH'I..III
HHIHHII.I.
HHHII.IIII
HIIHI"'II
HHIIH'I.II
HHHII.IIII
HIIHI"'II
HHIIH'I.II
IHHIH"II.
LA s A N N E N
a5 HHHIIHI..IIIII
R R EREREEEREREREEERNE] ¥ R
N
oo M M X
Mo M M
» M M M M X M M
Mo M ¥

. PR R EREEREERERER]

. |

&

-

i
ey
PR
A A
Pt

FF
F
F
| I
r L
F r
E F'rrrbrbrrbrrrrkr
| N I
F
F r
| N I
l-htl-
. . T
] L
B (s
.

f:::- g;; <3 i SR At S e
" & & &0 &

.,, ¥ lpl"  § L ) '
Aouanbioq DAL

o L 4

FIG. 3A
BOH



US 11,149,267 B2

Sheet 7 of 17

Oct. 19, 2021

U.S. Patent

1008 auall 7y
-0

uoasidsp slivisar AQ DRaNUR) sBUBYD UOnSICeD sDRIBAR AQ DEYUB] S8UEYT

[ e e e i e e i e e i e e e e i e i e e i e e i e e i e i i e i i i i it it e i B B e e i s e i i B e e i B e i B i i B e e i B e i i s e it B i it i i
in . -
L} .
B i R __.-II
- L]
. . . K
.
r . . 4
. . il -
¥
o F
. ] -
" ] ) N -
I n
-
o .

o
Yodk
LI

F Le 3 | ¢
,,,,,,,, . o

G r e

S P #

..“..Wv e 5y “..H.._“ >
”.,.._WW _.mm ot X
3 s s ..
ot pode S e -

3
.

X
X
]
X
"
L]
r
*
L]
L
_:
*
r
r
§ .

....u.r. e s e
. .
tttttttttttttt

»»»»»
kkkkkkkk

######

v
i
o

% v
’a

i

i

i

i
ol
£T ]
Tt

‘iiiiiiiiiiiiiiiiiii--\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.-.-\.iiiiiiiiiiiiiiiiiiiiii’
- - . .
X .
.

a 4 i
ttttttt

SOsSHande

"
¥
¥
¥
*
.
i N
P

............
**********
tttttttttttttttttttt

###############

L

¥¥¥¥¥¥¥¥¥
########

1
i
L]
Jr
*
L
i
L]
Jr
L
¥ .
.
na ﬁi 'r*lr*'r_
Tk I ok
IFJr“_lr"_ll -
LIE -"_Jr.rdl
o
. “at N
L T kN
i
i
i
.
i
i
o
L]
i
i
‘}

-‘*
- 5
““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ " I- X ....“ . m.
a .
2T S N
) s
> .ﬁ”nﬂu "M d Crn oy
. .r.....r”._. .. ol N
ﬁ. r, l........r.__n - k- . ”
. T T .....r”.r.... PN 3
ﬁ l...”.r.”ﬂ h”.r......_.... . ' ......r.._..r”.._.”.._ _'.
-_H.r.-...r.__u A ..l .F.-H
i_ Pyt K]
“ o1

L
L
L]
L]
L
L]
L]
L]
L
L]
L
L]
L]
w9 _
P i X ¥
|“.......“...n|‘.....n...n ' |.w...H.....”_. -

LT

LI

M..nv e
AT

2y

, -
43

%
4
R

SYLAYL #

JLER LA
3
B

&
OB

D¢ Dl



vonsidan ynubs

& "..f*%

X

US 11,149,267 B2

i

DRO} BRR0)

{4

Aousind
DASEEIO
EHLEO

ISR

T

A

“-'I-l-'-'l-‘l-“-'“

o

SeUST [BLUCROGH-UOL IBHUBSSS

' T

Sheet 8 of 17

i Buneh 185 i P ARHET GSED
ooy doy Bunebim synybs it AR gsED

B e e e e e e e e e e
L3
L0

85 i8]

ASHISSEIN POX3

e )

BAR PG 9 RI2F 1, | JIRLIO0 T3S
A

4¢ 9Dl4

WJ.J. .M._.;WI.IWM .“n,“u. 1.__.-,._;. . _....r._ . . . " )
o o &R gt FEv o BB B SN B G
oo 00T " .

I W

Oct. 19, 2021
”';‘

v -5 b o
. b, - _ S
3 .__...m.. - .m L w.H., % LA
¥, ; ' ﬁm W“’Vn.ﬂ.- - e - r."u__
: H“ 0 ..w.._-nu. m ..._m.. m . .t....H._r.._
+ e mliogt & H H i S
t N
SRR H” ﬂi'JW ﬁr._._“ ot m”_\”.r “ “ “ “ - s uﬂ)._""._i
¢ . e g s e H “ “ & “ .
Y o ﬁ : S I S A SO i &
o = S =] EEuEE NN m =
gL .Y % =e £ 1818 Ry R S T e T ¢ %
synkbes 3 % Fol EREREE sRERE R T &
YNNG % GEEEEE » ' 2 = ” - AR I - A S A 2 5.
..ﬂ.."-".."-".."-".."-".a..-. ) *mmWﬂm H” .._3." ==y A o nwv“. .- e H ot ___-".L. __... b . _-.___l". HJ
m & ¢ NL mu..\ C, @ o g ‘ m ¢ r..“... r b ﬂ“w..
. ; ¥ ot . * -
2 % : : &
| % o - : e
SYnER Bungabis-ueicsd [Buiosg =4 = . 7
S S % 4 NI | oy T PO S~ - o
" - o w4 et o

.

1% Bunyeig | R

¢ O

U.S. Patent
"
)



U.S. Patent

4

FIG. 4B

% Indel

Oct. 19, 2021

Sheet 9 of 17

{xenomic Coordinates

US 11,149,267 B2

% indel (mutant/total)

sgAAVS

018

OT10
OT11
o112
07113

100

60 -

AAVST  OTH

GGGECARACTAGAGATAGERAR I
GlGGOOU T LAGEGEACAGRA T U

----------

GGGGCCALTTOGGGACAGGRA R

GETGCCACTAGEGATAGGAT

T
lllll
o b

GEIGCCACTAGG U ACAGGRA Y

GGG CACTCGGEGACARGAT A
LOGHEOCATT AV GLACAGEAL T
GGUCACTAGEGARAGAGT G

CCACTAGGGE T CASGEAT ST

3 G

e
2

(GLGUL

2

||||||||

GRGGOAACTAGTGACAGGA Y » 00

GOOGEUCATTAGGE T CAGEAT il

O12 O13

074

OT15

chyiG: BARG27117-55627139
ehriQr 18174987-181750082
chws 226356581-22635603

chr2i; 42832842.42882984

Chy22: 446990588-44888120
ched: 144885120-144885142
chy1d: 37186607-37 186629
chels: 45827883-45827915
chrtz 108R881578-1085581648
cheil: 47446589-47446511
ohr20: 42338563-42338585
Crrd(r, 31034830-31034852

o1ge OT7 OT¢

{Genomic Locus

96 8% (72607531}
28 5% (23724/80348)

2. 46% (4311690

1.36% (316723230
(0.68% a170/26245)

0.10% 11/1034)
(3.08% (2/2623)
0.03% {1/2998)
(0.02% 211823
0.01% 4/65617)
(% (0r5340)

0% {0/568)

(3% (014031

0% {0/248)

0% (/440
0.07% (8/8088)
(0% /661y
0.07% (2/2800)
(0. 58% {20/3487)
0% {07201}
0% (0/1247)
0% (0/852)
(0.035% {2/3750)
0.019% (1/6704)
0.08% (1/1279)
Q% {0/153)

Yo (0/2153)
Q% {0/328)

B sgAAVSH
# WY

Ofe OTic Ot 0712z OTi3



U.S. Patent Oct. 19, 2021 Sheet 10 of 17 US 11,149,267 B2

FIG. 5A
Cas89-KBM7
1.0~ s
S (41T
cg‘ 084 ™ Frinal
1)
&
@ 0.6
m
@
=
= 0.4
—’
5
& 0.2
0 26 8 10 12
Normalized Log: Counts
FIG. 5B
Cas9-HL60
10+ e
e APyitia]

§ 0.8 s iy
{3
&
@ (.6
O
P
® 0.4
"
&
3 0.2

0 * O e e s R

0 26 8 10

Normalized Log: Counts



U.S. Patent Oct. 19, 2021 Sheet 11 of 17 US 11,149,267 B2

FIG. 6A

12 &

&

Ribosomal Protein
Hibosomal Protein-Like
# RPS4YT
RPS4YZ
4 0 RPS4X B2

L 0gz (RPKM + 1)

-4 -3 -2 -1 0 1
KBM7 Gene Score

FIG. 6B

= Ribosomal protein gene r?=0.64 3
- Other gene r?.0.48 o, o

m ' . T e wt e T T
> - :'- i .l__'!'l‘:::.::- a atn )
: CTey SRR s
o ol W : e wat Tt gt : " -
Q L st et e B e & :-.:‘.‘..“:"..':':E-"i.'i, -;-."'-'::'-:"E':.'ﬁ T .
m o WA o e ":'::-Eﬁ'-::'_-iﬁ::_ﬁ-'-__ ':"*':':: e Tt
T I = R e - . i gl TR e &
R T S am W e LT :
R AR IR
e, R T T A
. S R W ag gt R e M
» Rl e J'_,'-'.:.k..._ g N
S . PR M L »
. = S e SN et T oy v v
m L l.':'- 2 L o o SR
w el W :.':'.:‘ M ;o - .
" o '-:.f- .
%) W B N e g
gy - ::::. -T-...: v .t -
g ) . “ . . .
d :::‘ .‘ o l":' o P
{Q * o "
L - -
: i oo
. o . ' LI s
MJ .:::-' - " * "';c > -
T SR
"
v - " o * -
. Lo
. & .
- e
"
- -:.
"
.
-
o
l._

KBMY gene score



U.S. Patent Oct. 19, 2021 Sheet 12 of 17 US 11,149,267 B2

Litterence in Loge
fold change
. N

Handom
sgHNA Pairs  inlragenic
sgHNA Pairs

FIG. 7



U.S. Patent Oct. 19, 2021

% S L
®_ % .8 TG ¥
& 8 o L2
o . ﬁfﬁ*
4 o
o
e
&
'Etj- v ﬁb
= 0%
.{:: %;% :E
{.
Filia o s
s & “"’ -
t‘:g & iy
. _ rucecussafsiuputalssinumurens
; O**ﬂ--mﬂﬂ““ﬂﬂﬂﬂ-ﬂﬂ“““ﬂ#“““ﬂ“ﬂﬂH:.*Iﬂ-*wﬂ*.“
& Jhaea X
a0
o K b
_-2 ..................................................................................................

sgRNAT  MBHZ MSHG MLH1 PMS2Z Controd

%4 Scoring: 70% 80% 60% 70% 3%
{7 {6/10) {810 (7110 {37100
KBM7
e
3 ”
6 5
a ¥

& - P AR—
3 w ';:' e | @
Q) b = _ - e
gl i
& &
il & oo a@
e 2 mmnnnge 2
~ Q) o oL

g <

} ’ &=
m. 1 2 .............................................................................................
E N
5t O o
E q '-":r:{:r*:‘ ~ . :'erlr*lr*'r‘:' l

e T RITTRRRTTE . A

sgRNA; CDK&  TOP2A  Control  CDK&E  TOP2A Control

100% 100% 2% 100% 100% 2%

% Scoring:
SERTS qoney poney @ioy ooty (1040)  (20100)

KBM7 HL6O

Sheet 13 of 17

FIG. 8B
#

%  Genes
Scoring (KBMN

Attty ety ety ety ety Rty ety et e S et R et e

100 ¢
20 9
80 O
0 2 < MSH2, PMS2
60 2 <« MSHS, ML
50 1
40 1
20 22
20 237
10 1446
0 5396

FIG. 8D

# #
% Genes Qenes
Scoring (KBM7) (HLSD)
100 2
S50 b ¢
80 1 0
FAt: 1 i
60 G 5
AQ 54 623
3 2085 308
20 757 BBY
10 1331 2080
0 4148 3772

US 11,149,267 B2

2 4 TOP2A.CDKG



U.S. Patent Oct. 19, 2021 Sheet 14 of 17 US 11,149,267 B2

FI1G. 9A

Ribsomal protein-targeting sgRNAS

LLLLL
IIIII

Weak
& sgRNAs

g e e

nnnnnnnnnnnnn

-..'d;H.'n...-...'n..;I:I:I:I:I:I:I:I:I:I:l:l
B

sgRNAs i .

A T, -
.......................................................

A A A A A A A A,
S I B B I BB NN BB EEEENEEEENNERRN B
IIIIIIIIIIIIIIIIIIIIIIIIIIIII
Al B BN EEEEEEEErFAAAAAAAAANAAAA
IIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
A HETEEEEEEEEEEENANANANNEHNANNENANANHNHNN -
lllllllllllllllllllllllllllllll
Jd B HEIEEIIEEESEEIEEATAAANNANNANANANANA -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B B Bl I E R N NN EE NI RN N NN ENNNENNENNENN.I -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
A I AR NN RN NN RN LA AR RN A AN A ]
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

e i i b i )
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1A B EEEEEEEEEEEEEEENELAAAAAAAAAAAAAAAN
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ANENEEEEEEEENEEEEEEEEEEENEANANANANANANANAN A -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
SAEEEEEEEEEEEEEE NN NN N R
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
llllllllllllllllllllllllllllllllllllllllll
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
lllllllllllllllllllllllllllllllllllllllllllll
e e il B B I B BN N NN N BN N NN NN NN i)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.- llllllllllllllllllll
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Rensity

--------
EE RN - L B R RNl Bl E BNl BN NNl Bl NNl Nl Bl RN AAAAAAAAAAAANANN AN A
el lEE BN EEEEEEEEEEEEENEEENENENEENEEEEEEENENENNEEEEEENENENNENNEEEEENNENNNNNES®EG®SBMNBRNNBB§B§B§B 8§ 8 NN§NNBNENNSS
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-10 5 §
LGz old change
FiG OR Training Set Training Set
Half of ribosomal sgRNAS targeting
protein-targeting riposamal protein
SGHRNAS genes
Build SVM
- Classifier
Test Set Test bet
2nd hait of ribosomal sgHNAS argeting
protein-targating {op 400 essential
SGRMNAS non-ribosomal genes
Predict
sgRNA
class
0
-~ 3.3-old 3 O-fold
} increased increassd
potency notency

L.og: fold change
Log: fold change
i)

Pradicied class Fredictad class



U.S. Patent Oct. 19, 2021 Sheet 15 of 17 US 11,149,267 B2

RN NLR.
R R st Mt M M M08
P
__"-:‘-:*4_4-‘4_4_ i, o o oo
ate raal

=== Rihogomal (£81) i
= Non-Ribosomal e T1a4)

1.0

1K=

.5

.4

.2

I RN
O NN NN M NN NN )
P -
} L
o )
X
e e A
. o o e o R A A e e e e e R R
a0
e e R e R e

1.0

o kBMT . 8d Lodd Fold-Change

FiG. 10



U.S. Patent Oct. 19, 2021 Sheet 16 of 17 US 11,149,267 B2

R M M M R R R R R R Rk E ok ok ok E E kR Ok Rk ko ko E E ko ok Rk kR E Lk ok ok ok k kL E E ko k ok ok ok ok E ok ok ok ko k k EE ko kR E kM Lk ok k ok k kA E ko ko ok ok ok ok ok ok ok k E k kA ok ok E Kk E kR L L L E Lk E E E ok E ko E ok ok ok E k E kR k kb E ko E K E E kR E L Lk Lok E kL E E ko kb ok ok E EEE Rk kA ok kO E Kk E kR E L L E Lk A LA EE ko k ok ok ok EE kK E Rk kA E ok E Kk E R R E L L E Lk R LA EE kR ok ok Rk ok E Ok E Rk kAL L E k"
-
. .
L]
. .
-
. .
-
. .
-
. |. .
]
. .
-
. * = B B B B B B B B B B B B B B b b b B b B b b B B B B B b B b b b B B B B B B B b B B B B B B B B b b B b B b b b B b b b b b b b b B B B B B B B b b B B B B B B B B b B B B b b b B b B B b b b b b B B B B B B B B B BB KKK K BN Wk Kk Kk kR EE K B B B b b bk u b B B B B b b B b B B B B b b b B B B B B B B b b B b b b b b b b b B B b b b b B B B B B B B b B B B B B B B B b b B b b b b b B b & .
. . ' 'ﬁﬂ' N . L]

. ' . ¥
' . ' - . -

. ' - . ]
. ' . . -

. ' . ¥
' . ' L] . L]

. ' - . ¥
. ' . . -

. ' . ¥
' . ' - . -
. ' . . . ¥ . .
. ' . . -

. ' . ¥
' . ' ] . ]

. ' - . ¥
. ' . . -

. ' . ¥
' . ' L] . L]

. ' - . ¥
. ' . . -

. ' . ]
' . ' - . -

. ' - . ¥
. ' . . -

. ' . ¥
' . ' ] . ]

. ' - . ¥
. ' . . -
. ' . . ¥ .
' . ' - . -

. ' - . ¥
. . ' N . ]

. ' . ]
' . ' - . -

. ' - . ¥
. ' N . L]

. ' . ¥
' . ' - . -

. ' - . ¥
. ' . . -
. ' . . ¥ .
' . ' - . -

. ' - . ¥
. . ' N . ]

. ' . ¥
' . ' - . -
. ' . . . ¥ . .
. ' N . L]

. ' . ¥
' . ' - . -

. ' - ' . ]
B . " - . -
. ' . : .
B s B m " N E E E E E E E EE S E EEEEEEE S = ®mEw sk k== oE NN S EEEEEE N EEEEEEEEEEE S S EEEEEEE == EEEEEEE S EE NN E S EEEEEEEE S S EEEEEEEkEEEEEEEEE == EEEEEEEEEEEEEEEEEEE -----.r-nn " rxmoEoEoEoEoEE L]
. ' . . . . . . . . . . . . . . . . . .
' ] ' ]
. ' ' . ¥ .
' . ' . m -
. ' . . . .
. ' l-l'-q ¥ - -
. ' . .- ¥ . .
' . ' " ]
. ' - . 1 x .
. ' - -l 4 [ ¥ )
. ' . = O F R i .
' . ' b * - . L]
. ' - . ¥ .
. ' . -
. ' . B .
. . . -4 & .q‘ [ ] .
. ' . . . . ..,. .
. ' .- -
. ' im L} .
' . ' ¥ ]
. ' . .
. ' o -
. ' . ] .
' . ' -
. ' . - .
. . ' ]
. ' .
' . ' -
. ' . .
. ' L]
. ' .
' . ' ]
. ' . .
. ' -
. ' . .
' . ' A -
. ' . - .
. . ' ] ]
. ' .
' . ' -
. ' . . .
. ' L]
. ' .
' . ' -
. ' . .
. - ' » -
. ' . = . . .
' . ' » -
- 1 - -'l. - .*. .
. - . ' - A ]
. ' . . . fai 0 r - * . .
' (i . ' " PN [P -
" "I I' l. I. “ '.'| ‘. “ .'| L] '|.
. ;W‘---rla-a-a-a-a-a.-a-J.-J-a.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-a.-a-J.-J.-J.-J.-a.-a-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-J.-J-b}b}b}blb}bqbbbbbbb}b}blba-a-a-a-a--#a-a-a-q-ﬁbba-.-bl*}; B O I N O O I N N I N N N I RN R U A IF O I ) .
' . . - ' ] . ]

. - s
. r . . -
. -

N . L]
. .
- . -
. .
- -
" [ 3 .
L ) £l
. . .
A ]
. .:u .
-
. m _'.'.- . .
R i .
. [S . .
a1 . ] ] ]
. .
. - . -
. . .
. . . -
. .
. ] . ]
. . .
. . . -
. .
. - . -
. . .
. N . ]
. .
. - . -
. . . .
. . N . L]
. .
»E . e ] .t - . -
. . ” .
. » - . . -
. - .
L] "" - L] -
. .
. N . ]
. .
. - . -
. . . .
. . . -
. » .
. ¥ ] . ]
. - . .
- . . . -
. ¥ .
""‘ L] .‘ - L] -
. . ¥ .
- ] . ]
. B B b b b b b b bk b b b bk b b b Bk ko k k k ok kB kK Kk kb ko= kkkomk [ » B bk B b B b b b B B B B b b b b b B B B B b b B B B B b b b b b B B b b b b b b = .
. - . -
. . ¥ . .
. . . -
. . - ¥ .
. 1 ] . ]
. - -"-\. [ .
L] = - L] -
. . ¥ .
. - . -
. . . .
u M ¥ . . -
L] L [y | L} .
LR PR S B | x ' - '
. . . . .
- o Y . - . -
. o . . PN ¥ .
i . w. ] . ]
. . . .
- . L) : . . -
. 14 .
' . - - . -
- ' .‘a. . . ¥ .
. . N . ]
. ' 5 i .
' - A . n n - . -
. ' i - . " n ¥ . .
-, . r Fh . T N . L]
. ] ' . - -, [ r .
1 L] T . - L] [] L]
. . . ' . F] . i .
. . o) . . . -
. ' , . . .
Rma? gl * » : ) :
. - ' . - - el ] .
. - . n . - N . ]
. - ' T g ¥ .
] ' oy . . - . -
. ' " . . . .
" i u, - " -' T'* & ¥ 41 = " £l
. ' . - + D L | .
' ¥l ' n . B ) L2 ] . ]
= ' - r - L 4 .
. - N . ' ) . . -
. ' - . . . N . .
' LN ] . = - . -
. \ i X ] N i B e .
. n I . Y ) N . ]
. ' w . ¥ .
' - + LY . - . -
" ' 'l = '|. - * .'| L] '|.
. ' - - T ¥ .
' - el . . - ] . ]
. ' Cat) - [yl N ] . ¥ .
N L R P T T T T T T LR A N B B B T FB k77 =177 77 1111177771717 77777117171711114%mE1777 1171177771197 17777117177T7k -
. ' .
. . ¥ . . -
. ' . ¥ .
. . " N . ]
. ' .
' . ¥ - . -
" ! . 'q.' ¥ "u . .
. ' . ¥ .
' . ] . ]
. ' . s .
. " . . -
. ' . .
' "o - . -
. ' -1.?: ¥ .
. . N . ]
. ' ¥ .
' . - . -
. ' . ¥ . .
. . . -
. ' ¥ .
' . ] . ]
. ' . s .
. . . -
. ' ¥ .
' . - . -
. ' . ¥ .
. . N . ]
. ' ¥ .
' . ' - . -
. ' . . . . ¥ . .
. . ' r . . -
. ' * . .
L} L ] - L} 't" ¥ - L ] -
. ' . . ] s .
. ' . . -
. ' . . . .
' " ="k ' ¥ £l " £l
. ' - 3 . ¥ .
. . rir ' I N . ]
. ' - - . ¥ .
L} L] L} bl - L] -
. ' . . . a ¥ . .
. ' . . -
. ' . .l-'- ¥ .
' . ' ] . ]
. ' - . ¥ .
. ' " . . -
. ' 4 . . .
' . : ' - . -
- ' . |.'| - ¥ .
. . ' N . ]
. ' . . ¥ .
. ' - . -
. I " = = m m N E E EE =S =S E N E S S S EEEEEE S S S EEEEEEE S S EEEEEEE S E NN NN S EEEEEEEE S EEEEEEEE kS EEEEEEE S EE NN EEEEEEEEEEEEEEEEEEEkEEEEEEEEEEEE NN EEEEEEmEmwn " = x % k& = ®m = = ®m N EE E E E E N EEEE S S E NN EEEEEEEEEE S EEEEEEEE S = EEEEEEE S EEEEEEEEEEEEEE A .
B ' - . -
. ' ' . n ¥ .
' . ' - ] . ]
. ' - ' . ¥ .
' . ' . . -
. ' . . ¥ .
' . ' - . -
. ' - . ¥ .
. . ' N . ]
. ' . ¥ .
' . ' - . -
. ' . . . ¥ . .
. ' . . -
. ' . ¥ .
' . ' ] . ]
. ' - . ¥ .
. ' . . -
. ' . . ¥ .
' . ' - . -
. ' - . ¥ .
. . ' N . ]
. ' . ¥ .
' . ' - . -
. ' . . . ¥ . .
. ' . . -
. ' . ¥ .
' . ' ] . ]
. ' - . ¥ .
. ' . . -
. ' . . ¥ .
' . ' - . -
. ' - . ¥ .
. . ' N . ]
. ' . ¥ .
' . ' - . -
. ' . . . ¥ . .
. ' . . -
. ' . ¥ .
' . ' ] . ]
. ' - . ¥ .
. ' . . -
. ' . . ¥ .
' . ' - . -
. ' - . ¥ .
. . ' N . ]
. ' . ¥ .
' . ' - . -
. ' . . . ¥ . .
B ' - . -
. ' ' . ¥ .
' . ' N . ]
. ' - ' . ¥ .
' . ' . . -
. ' ' ] - ¥ . .
B . - - B -
. I m 7 = 7 m 7 m1E7mEo1EoETE1EEIEATETETETE Tk ETE 7TE7TETETE7TEATEATTETETE TEATE1TE1TETEE kb 31Eo7EAEE1TEATEATETETETETE Ak TEAEAE Ak bk AEoATEATETETEATEATTETETEATETE TR " 7 = 7 k1 k7E1EoEE1EATEATEATETEATEATETEETETEE ETETEATEATETEATEATEATETETETEATTETETETE TR .
]
. .
-
. . .
-
. .
]
. .
-
] - . .
-
. .
]
. .
-
. .
-
. .
]
. .
-
. .
-
. .
]
. .
-
. .
-
- - - - - .- - - .. - - .. - - - - - - - - .. - - .. - - - - - - - - - - - .. - - - - - - - - - - - .- - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .




U.S. Patent Oct. 19, 2021 Sheet 17 of 17 US 11,149,267 B2

EEEERERE R

R N
ol et e e e e e e e )

r

R,

r

r
[l T o o e e

s oxr ox xox

TEFEEFER

Hi. 14



US 11,149,267 B2

1

FUNCTIONAL GENOMICS USING
CRISPR-CAS SYSTEMS, COMPOSITIONS,
METHODS, SCREENS AND APPLICATIONS
THEREOFK

RELATED APPLICATIONS AND
INCORPORATION BY REFERENCE

This application 1s a continuation-in-part of International
patent application Serial No. PCT/US2014/0623558 filed
Oct. 28, 2014, and published as PCT Publication No.
WO02015/065964 on May 7, 2015 and which prionty 1is
claimed from U.S. provisional patent applications 61/961,
080, 61/963,643 and 62/069,243 each enftitled FUNC-
TIONAL GENOMICS USING CRISPR-CAS SYSTEMS,
COMPOSITIONS, METHODS, SCREENS AND APPLI-
CATIONS THEREOF, filed Oct. 28, 2013, Dec. 9, 2013 and
Oct. 27, 2014 respectively. Reference i1s also made to
PCT/US2014/041806, filed Jun. 10, 2014, U.S. provisional
patent applications 61/836,123, 61/960,777 and 61/993,636,
filed on Jun. 17, 2013, Sep. 235, 2013 and Apr. 15, 2014, and
PCT/US13/74800, filed Dec. 12, 2013.

The {foregoing applications, and all documents cited
therein or during their prosecution (“appln cited docu-
ments”) and all documents cited or referenced 1n the appln
cited documents, and all documents cited or referenced
herein (“herein cited documents™), and all documents cited
or referenced 1n herein cited documents, together with any
manufacturer’s instructions, descriptions, product specifica-
tions, and product sheets for any products mentioned herein
or 1n any document incorporated by reference herein, are
hereby 1ncorporated herein by reference, and may be
employed 1n the practice of the invention. More specifically,
all referenced documents are incorporated by reference to
the same extent as i each individual document was specifi-
cally and individually indicated to be incorporated by ret-
erence.

The disclosure 1n each of the foregoing US provisional
and PCT patent applications 1s particularly incorporated
herein by reference and particularly the disclosure of the
CDs filed with U.S. provisional patent applications 61/960,
777 and 61/995,636 1s particularly incorporated herein by
reference 1n their entirety and 1s also imcluded 1n this
disclosure by way of the Biological Deposit(s) with the
ATCC of plasmids/plasmid library(ies) containing nucleic
acid molecules encoding selected guide sequences having
the mnformation set forth i U.S. provisional patent applica-

tions 61/960,777 and 61/995,636, namely, Deposit Nos:
PTA-121339, PTA-121340, PTA-121341, PTA-121342,
PTA-121343, deposited on Jun. 10, 2014, with the American
Type Culture Collection on American Type Culture Collec-
tion (ATCC), 10801 University Boulevard, Manassas, Va.
20110 USA, under and pursuant to the terms of the Budapest
Treaty. Upon 1ssuance of a patent, all restrictions upon the
Deposit(s) will be rrevocably removed, and the Deposit(s)
1s/are intended to meet the requirements of 37 CFR §§
1.801-1.809. The Deposit(s) will be maintained in the
depository for a period of 30 years, or 5 years after the last
request, or for the effective, enforceable life of the patent,
whichever 1s longer, and will be replaced 1f necessary during
that period; and the requirements of 37 CFR §§ 1.801-1.809
are met. The herein term “GeCKO library” can mean the
information in the foregoing US provisional and PCT patent
applications, or the disclosure of the CDs filed with U.S.
provisional patent applications 61/960,777 and 61/993,636,
or any one or more of ATCC Deposit Nos: PTA-121339,
PTA-121340, PTA-121341, PTA-121342 and PTA-121343.
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2
STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

This invention was made with government support under
Grant Nos. CA103866 and HGO03067 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

SEQUENCE LISTING

The instant application contains a Sequence Listing which
has been submitted electronically in ASCII format and 1s
hereby 1incorporated by reference 1n its entirety. Said ASCII

copy, created on Apr. 5, 2021, 1s named BROD-
3080US_ST25.txt 1s 10,724 bytes 1n size.

FIELD OF THE INVENTION

The present mvention generally relates to compositions,
methods, applications and screens used 1n functional genom-
ics that focus on gene function 1n a cell and that may use
vector systems and other aspects related to Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)-Cas
systems and components thereof.

BACKGROUND OF THE INVENTION

Recent advances in genome sequencing techniques and
analysis methods have significantly accelerated the ability to
catalog and map genetic factors associated with a diverse
range ol biological functions and diseases. Functional
genomics 1s a field of molecular biology that may be
considered to utilize the vast wealth of data produced by
genomic projects (such as genome sequencing projects) to
describe gene (and protein) functions and interactions. Con-
trary to classical genomics, functional genomics focuses on
the dynamic aspects such as gene transcription, translation,
and proteimn-protein interactions, as opposed to the static
aspects of the genomic information such as DNA sequence
or structures, though these static aspects are very important
and supplement one’s understanding of cellular and molecu-
lar mechamisms. Functional genomics attempts to answer
questions about the function of DNA at the levels of genes,
RNA transcripts, and protein products. A key characteristic
of functional genomics studies 1s a genome-wide approach
to these questions, generally involving high-throughput
methods rather than a more traditional “gene-by-gene”
approach. Given the vast mventory of genes and genetic
information it 1s advantageous to use genetic screens to
provide information of what these genes do, what cellular
pathways they are involved in and how any alteration in
gene expression can result 1 particular biological process.
Functional genomic screens attempt to characterize gene
function in the context of living cells and hence are likely to
generate biologically significant data. There are three key
clements for a functional genomics screen: a good reagent to
perturb the gene, a good tissue culture model and a good
readout of cell state.

A reagent that has been used for perturbing genes in a
number of functional genomics screens 1s RNA interference
(RNA1). One can perform loss-of-function genetic screens
and facilitate the identification of components of cellular
signaling pathways utilizing RNA1. Gene silencing by RN A1
in mammalian cells using small interfering RNAs (s1iRINAs)
and short hairpin RNAs (shRNAs) has become a valuable
genetic tool. Development of eflicient and robust approaches
to perform genome-scale shRNA screens have been
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described in Luo B et al., “Highly parallel 1dentification of
essential genes in cancer cells” Proc Natl Acad Sc1 USA.

2008 Dec. 23:105(51):20380-5; Paddison P I et al., “A
resource for large-scale RNA-1interference-based screens in
mammals” Nature. 2004 Mar. 25; 428(6981):427-31; Berns
K et al., “A large-scale RNA1 screen in human cells 1den-
tifies new components of the p33 pathway” Nature. 2004
Mar. 25; 428(6981):431-7, the contents of all of which are
incorporated by reference herein 1n their entirety.
However, there are aspects of using shRNAs for func-
tional genomic screens that are not advantageous. For
example, there may be ofl-target effects for the shRNAs that
limit spatial control. It 1s also important to note that using
RNA1 or other current technologies 1n functional genomics
screens as mentioned herein results 1 a gene knockdown
and not a gene knockout. Another minor factor that may be
considered 1s the need for the continued expression of
shRNA. Hence, there remains a need for new genome
engineering technologies that are affordable, easy to set up,
scalable, and amenable to knockout genes for de novo loss
of function and aflord spatial and temporal control with
mimmal ofl-target activity in a eukaryotic genome.

SUMMARY OF THE INVENTION

There exists a pressing need for alternative and robust
systems and techniques for sequence targeting in functional
genomic screens and other applications thereol. This inven-
tion addresses this need and provides related advantages.
The CRISPR/Cas or the CRISPR-Cas system (both terms
are used interchangeably throughout this application) does
not require the generation of customized proteins (as in the
case of technologies mvolving zinc finger proteins, mega-
nucleases or transcription activator like eflectors (TALEs))
to target specific sequences but rather a single Cas enzyme
can be programmed by a short RNA molecule to recognize
a specific DNA target, in other words the Cas enzyme can be
recruited to a specific DNA target using said short RNA
molecule. This enables parallel targeting of thousands of
genomic loci using oligo library synthesis. Adding the
CRISPR-Cas system to the repertoire of functional genom-
ics tools and analysis methods may significantly simplify the
methodology and accelerate the ability to catalog and map
genetic Tactors associated with a diverse range of biological
functions and diseases. The CRISPR-Cas system can be
used eflectively for gene targeting and knockout without
deleterious eflects 1n functional genomic screens and other
applications thereof.

In one aspect, the mmvention provides a genome wide
library comprising a plurality of unique CRISPR-Cas sys-
tem guide sequences that are capable of targeting a plurality
of target sequences 1n genomic loci, wherein said targeting
results 1n a knockout of gene function.

In one aspect, the invention provides a non-transitory
computer program product comprising one or more stored
sequences ol instructions that 1s accessible to a processor
and which, when executed by the processor, causes the
processor to carry out a machine learning algorithm (support
vector machine—SVM) that predicts the eflicacy of a
sgRNA based solely on the primary sequence of the sgRNA.
It also relates to a (non-transitory) computer readable
medium carrying out said sequence of instructions.

In another aspect, the mvention provides for a method of
knocking out in parallel every gene in the genome, the
method comprising contacting a population of cells with a
composition comprising a vector system comprising one or
more packaged vectors comprising
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4

a) a first regulatory element operably linked to a CRISPR-
Cas system chimeric RNA (chuiRNA) polynucleotide
sequence that targets a DNA molecule encoding a gene
product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybrnidizing to a target

sequence,

(b) a tracr mate sequence, and

(¢) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transfected with a single packaged
vector, selecting for successtully transtected cells,
wherein when transcribed, the tracr mate sequence hybrid-
1zes to the tracr sequence and the guide sequence directs
sequence-speciiic binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DNA molecule encoding
the gene product,
wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,
wherein the guide sequence 1s selected from the library of
the 1nvention,
wherein the guide RNAs target the genomic loci of the DNA
molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci1 of the DNA molecule
encoding the gene product and whereby each cell i the
population of cells has a umque gene knocked out in
parallel. In preferred embodiments, the cell 1s a eukaryotic
cell. In further embodiments the vector i1s a lentivirus, a
adenovirus or a AAV and/or the first regulatory element 1s a
U6 promoter and/or the second regulatory element 1s an EFS
promoter, and/or the vector system comprises one vector
and/or the CRISPR enzyme 1s Cas9.

The mvention also encompasses methods of selecting

individual cell knock outs that survive under a selective
pressure, the method comprising contacting a population of
cells with a composition comprising a vector system com-
prising one or more packaged vectors comprising,
a) a first regulatory element operably linked to a CRISPR-
Cas system chimeric RNA (chuRNA) polynucleotide
sequence that targets a DNA molecule encoding a gene
product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybrnidizing to a target

sequence,

(b) a tracr mate sequence, and

(¢) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transfected with a single packaged
vector, selecting for successiully transtected cells,
wherein when transcribed, the tracr mate sequence hybrid-
1zes to the tracr sequence and the guide sequence directs
sequence-speciiic binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DN A molecule encoding
the gene product,
wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,
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wherein the guide sequence 1s selected from the library of
the invention,

wherein the guide RN As target the genomic loci of the DNA
molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci1 of the DNA molecule
encoding the gene product, whereby each cell 1n the popu-
lation of cells has a unique gene knocked out in parallel,
applying the selective pressure,

and selecting the cells that survive under the selective
pressure.

In preferred embodiments, the selective pressure 1s applica-
tion of a drug, FACS sorting of cell markers or aging and/or
the vector 1s a lentivirus, a adenovirus or a AAV and/or the
first regulatory element 1s a U6 promoter and/or the second
regulatory element 1s an EFS promoter, and/or the vector
system comprises one vector and/or the CRISPR enzyme 1s
Cas9.

In other aspects, the mvention encompasses methods of

identifying the genetic basis of one or more medical symp-
toms exhibited by a subject, the method comprising obtain-
ing a biological sample from the subject and 1solating a
population of cells having a first phenotype from the bio-
logical sample;
contacting the cells having the first phenotype with a com-
position comprising a vector system comprising one or more
packaged vectors comprising,
a) a first regulatory element operably linked to a CRISPR-
Cas system chimeric RNA (chiRNA) polynucleotide
sequence that targets a DNA molecule encoding a gene
product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target

sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transfected with a single packaged
vector, selecting for successiully transiected cells,
wherein when transcribed, the tracr mate sequence hybrid-
1zes to the tracr sequence and the guide sequence directs
sequence-specific binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DN A molecule encoding
the gene product,
wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,
wherein the guide sequence 1s selected from the library of
the invention,
wherein the guide RN As target the genomic loci of the DNA
molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci of the DNA molecule
encoding the gene product, whereby each cell in the popu-
lation of cells has a umique gene knocked out 1n parallel,
applying the selective pressure,
selecting the cells that survive under the selective pressure,
determining the genomic loci of the DNA molecule that
interacts with the first phenotype and 1dentiiying the genetic
basis of the one or more medical symptoms exhibited by the
subject.

In preferred embodiments, the selective pressure 1s applica-
tion of a drug, FACS sorting of cell markers or aging and/or
the vector 1s a lentivirus, a adenovirus or a AAV and/or the
first regulatory element 1s a U6 promoter and/or the second
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6

regulatory element 1s an EFS promoter, and/or the vector
system comprises one vector and/or the CRISPR enzyme 1s

Cas9.

The 1nvention also comprehends kit comprising the
library of the mvention. In certain aspects, wherein the kit
comprises a single container comprising vectors comprising
the library of the mvention. In other aspects, the kit com-
prises a single container comprising plasmids comprising
the library of the invention. The invention also comprehends
kits comprising a panel comprising a selection of unique
CRISPR-Cas system guide sequences from the library of the
invention, wherein the selection 1s indicative of a particular
physiological condition. In preferred embodiments, the tar-
geting 15 of about 100 or more sequences, about 1000 or
more sequences or about 20,000 or more sequences or the
entire genome. In other embodiments a panel of target
sequences 1s focused on a relevant or desirable pathway,
such as an immune pathway or cell division.

In one aspect, the mmvention provides a genome wide
library comprising a plurality of unique CRISPR-Cas sys-
tem guide sequences that are capable of targeting a plurality
of target sequences 1 genomic loci of a plurality of genes,
wherein said targeting results 1n a knockout of gene func-
tion. In preferred embodiments of the invention the unique
CRISPR-Cas system guide sequences are selected by an
algorithm that predicts the eflicacy of the guide sequences
based on the primary nucleotide sequence of the guide
sequence and/or by a heunistic that ranks the gude
sequences based on ofl target scores. An algorithm of the
invention may be represented as 1n FIG. 9B. In certain
embodiments of the invention, the gmde sequences are
capable of targeting a plurality of target sequences 1n
genomic loci of a plurality of genes selected from the entire
genome. In embodiments, the genes may represent a subset
of the enftire genome; for example, genes relating to a
particular pathway (for example, an enzymatic pathway) or
a particular disease or group of diseases or disorders may be
selected. One or more of the genes may include a plurality
of target sequences; that 1s, one gene may be targeted by a

plurality of guide sequences. In certain embodiments, a
knockout of gene function 1s not essential, and for certain
applications, the invention may be practiced where said
targeting results only in a knockdown of gene function.
However, this 1s not preferred.

In other embodiments, the genomic library comprises guide
sequences having a % GC nucleotide content between
20-80%, more preferably between 30-70%. In a further
embodiment, the guide sequences target constitutive exons
downstream of a start codon of the gene. In an advantageous
embodiment, the guide sequences target either a first or a
second exon of the gene. In yet another embodiment, the
guide sequences target a non-transcribed strand of the
genomic loci of the gene. The genomic libraries of the
invention comprehend the guide sequence being 20 nucleo-
tides long and likelihood of nucleotide T being at nucleotide
position 17, 18, 19 or 20 being less than 20%. In additional
embodiments, the guide sequences with the lowest ofl target
scores are highly ranked and are selected. Furthermore, 1n
preferred embodiments, the guide sequences do not have ofl
target scores greater than 400.

In another aspect, the mvention provides for a method of
knocking out in parallel every gene in the genome, the
method comprising contacting a population of cells with a
composition comprising a vector system comprising one or
more packaged vectors comprising a) a first regulatory
clement operably linked to a CRISPR-Cas system chimeric
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RNA (chiRNA) polynucleotide sequence that targets a DNA
molecule encoding a gene product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target

sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transduced with a single packaged
vector,
selecting for successiully transduced cells,
wherein when transcribed, the tracr mate sequence hybrid-
1zes to the tracr sequence and the guide sequence directs
sequence-specific binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DN A molecule encoding
the gene product,
wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,
wherein the guide sequence 1s selected from the library of
the invention,
wherein the guide sequence targets the genomic loci of the
DNA molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci of the DNA molecule
encoding the gene product and whereby each cell 1in the
population of cells has a umque gene knocked out in
parallel. In preferred embodiments, the cell 1s a eukaryotic
cell. The eukaryotic cell may be a plant or animal cell; for
example, algae or microalgae; vertebrate, preferably mam-
malian, including murine, ungulate, primate, human; nsect.
In further embodiments the vector i1s a lentivirus, an adeno-
virus or an AAV and/or the first regulatory element 1s a U6
promoter and/or the second regulatory element 1s an EFS
promoter or a doxycycline inducible promoter, and/or the
vector system comprises one vector and/or the CRISPR
enzyme 1s Cas9. In aspects of the invention the cell 1s a
cukaryotic cell, preferably a human cell. In a further
embodiment the cell 1s transduced with a multiplicity of
infection (MOI) of 0.3-0.75, preterably, the MOI has a value
close to 0.4, more pretferably the MOI 1s 0.3 or 0.4.

The mmvention also encompasses methods of selecting
individual cell knock outs that survive under a selective
pressure, the method comprising contacting a population of
cells with a composition comprising a vector system com-
prising one or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR -

Cas system chimeric RNA (chuiRNA) polynucleotide
sequence that targets a DNA molecule encoding a gene
product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybridizing to a target

sequence,

(b) a tracr mate sequence, and

(c) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transduced with a single packaged
vector,
selecting for successtully transduced cells,
wherein when transcribed, the tracr mate sequence hybrid-
1zes to the tracr sequence and the guide sequence directs
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sequence-specific binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DNA molecule encoding
the gene product,

wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,

wherein the guide sequence 1s selected from the library of
the 1nvention,

wherein the guide sequence targets the genomic loci of the
DNA molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci1 of the DNA molecule
encoding the gene product, whereby each cell in the popu-
lation of cells has a unique gene knocked out 1n parallel,
applying the selective pressure,

and selecting the cells that survive under the selective
pressure.

In preferred embodiments, the selective pressure 1s appli-
cation of a drug, FACS sorting of cell markers or aging
and/or the vector 1s a lentivirus, a adenovirus or a AAV
and/or the first regulatory element 1s a U6 promoter and/or
the second regulatory element 1s an EFS promoter or a
doxycycline inducible promoter, and/or the vector system
comprises one vector and/or the CRISPR enzyme 1s Cas9. In
a further embodiment the cell 1s transduced with a multi-
plicity of infection (MOI) of 0.3-0.73, preferably, the MOI
has a value close to 0.4, more pretferably the MOI 1s 0.3 or
0.4. In aspects of the invention the cell 1s a eukaryotic cell.
The eukaryotic cell may be a plant or amimal cell; for
example, algae or microalgae; vertebrate, preferably mam-
malian, including murine, ungulate, primate, human; nsect.
Preferably the cell 1s a human cell. In preferred embodi-
ments of the invention, the method further comprises
extracting DNA and determining the depletion or enrich-
ment of the guide sequences by deep sequencing.

In other aspects, the mvention encompasses methods of
identifying the genetic basis of one or more medical symp-
toms exhibited by a subject, the method comprising obtain-
ing a biological sample from the subject and 1solating a
population of cells having a first phenotype from the bio-
logical sample;

contacting the cells having the first phenotype with a

composition comprising a vector system comprising
one or more packaged vectors comprising

a) a first regulatory element operably linked to a CRISPR-

Cas system chimeric RNA (chiRNA) polynucleotide
sequence that targets a DNA molecule encoding a gene
product,

wherein the polynucleotide sequence comprises

(a) a guide sequence capable of hybrnidizing to a target

sequence,

(b) a tracr mate sequence, and

(¢) a tracr sequence, and
b) a second regulatory element operably linked to a Cas
protein and a selection marker,
wherein components (a) and (b) are located on same or
different vectors of the system,
wherein each cell 1s transduced with a single packaged
vector,
selecting for successtully transduced cells,
wherein when transcribed, the tracr mate sequence hybrid-
izes to the tracr sequence and the guide sequence directs
sequence-speciiic binding of a CRISPR complex to a target
sequence 1n the genomic loci of the DN A molecule encoding
the gene product,
wherein the CRISPR complex comprises a CRISPR enzyme
complexed with (1) the guide sequence that 1s hybridized to
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the target sequence, and (2) the tracr mate sequence that 1s
hybridized to the tracr sequence,

wherein the guide sequence 1s selected from the library of
the 1nvention,

wherein the guide sequence targets the genomic loci of the
DNA molecule encoding the gene product and the CRISPR
enzyme cleaves the genomic loci1 of the DNA molecule
encoding the gene product, whereby each cell in the popu-
lation of cells has a unique gene knocked out 1n parallel,
applying a selective pressure,

selecting the cells that survive under the selective pressure,
determining the genomic loci of the DNA molecule that
interacts with the first phenotype and 1dentifying the genetic
basis of the one or more medical symptoms exhibited by the
subject. In preferred embodiments, the selective pressure 1s
application of a drug, FACS sorting of cell markers or aging
and/or the vector 1s a lentivirus, an adenovirus or an AAV
and/or the first regulatory element 1s a U6 promoter and/or
the second regulatory element 1s an EFS promoter or a
doxycycline inducible promoter, and/or the vector system
comprises one vector and/or the CRISPR enzyme 1s Cas9. In
a fTurther embodiment the cell 1s transduced with a multi-
plicity of infection (MOI) of 0.3-0.75, preferably, the MOI
has a value close to 0.4, more preferably the MOI 1s 0.3 or
0.4. In aspects of the mnvention the cell 1s a eukaryotic cell,
preferably a human cell.

The invention also comprehends kits comprising the
libraries of the invention. In certain aspects, the kit com-
prises a single container comprising vectors comprising the
library of the invention. In other aspects, the kit comprises
a single container comprising plasmids comprising the
library of the invention. The invention also comprehends
kits comprising a panel comprising a selection of unique
CRISPR-Cas system guide sequences from the library of the
invention, wherein the selection 1s indicative of a particular
physiological condition. In preferred embodiments, the tar-
geting 15 of about 100 or more sequences, about 1000 or
more sequences or about 20,000 or more sequences or the
entire genome. In other embodiments a panel of target
sequences 1s focused on a relevant or desirable pathway,
such as an immune pathway or cell division.

The mvention also provides a method for designing a
genome-scale sgRNA library, the method comprising 1den-
tifying early constitutive exons for all coding genes,
selecting sgRNAs to target these early constitutive exons by
choosing sgRNAs that were predicted to have minimal
ofl-target activity,
for each candidate exon, listing all possible S. pvogenes
Cas9 sgRINA sequences of the form (N)20NGG as candidate
targets,
mapping each 20mer candidate sgRNA to a precompiled
index containing all 20mer sequences 1n the human genome
tollowed by either NGG or NAG,
ranking sgRINAs for each exon based on the characterized
sequence specificity of Cas9 nuclease by using the following
heuristic:

discarding sgRINAs with other targets 1n the genome that

match exactly or differ by only 1 base,

calculating for the remaining sgRNAs the following ofl

target sore:

OS = Z (sum mm location)(D{mm)/D(max))

off targets
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sum mm location=sum of the mismatch locations from 3' to
S'. The PAM (NGG) proximal base 1s 1 and the PAM distal

base 1s 20.

D(mm)=distance in bp between mismatch locations.
D(max)=maximal possible distance between 2 or 3 mis-
matches.

In an aspect, the mvention provides a non-human eukary-
otic organism; preferably a multicellular eukaryotic organ-
1sm, comprising a eukaryotic host cell according to any of
the described embodiments in which a candidate gene 1s
knocked down or knocked out. Preferably the gene 1s
knocked out. In other aspects, the invention provides a
cukaryotic organism; preferably a multicellular eukaryotic
organism, comprising a eukaryotic host cell which has been
altered according to any of the described embodiments. The
organism 1n some embodiments of these aspects may be an
ammal; for example a mammal. Also, the organism may be
an arthropod such as an insect. The organmism also may be a
plant. Further, the organism may be a fungus. In some
embodiments, the invention provides a set of non-human
cukaryotic organisms, each of which comprises a eukaryotic
host cell according to any of the described embodiments in
which a candidate gene 1s knocked down or knocked out. In
preferred embodiments, the set comprises a plurality of
organisms, in each of which a diflerent gene 1s knocked
down or knocked out.

In some embodiments, the CRISPR enzyme comprises
one or more nuclear localization sequences of suilicient
strength to drive accumulation of said CRISPR enzyme 1n a
detectable amount 1n the nucleus of a eukaryotic cell. In
some embodiments, the CRISPR enzyme 1s a type I CRISPR
system enzyme. In some embodiments, the CRISPR enzyme
1s a Cas9 enzyme. In some embodiments, the Cas9 enzyme
1s S. pneumoniae, S. pyogenes or S. thermophilus Cas9, and
may 1nclude mutated Cas9 derived from these organisms.
The enzyme may be a Cas9 homolog or ortholog. In some
embodiments, the CRISPR enzyme 1s codon-optimized for
expression 1n a eukaryotic cell. In some embodiments, the
CRISPR enzyme directs cleavage of one or two strands at
the location of the target sequence. In some embodiments,
the CRISPR enzyme lacks DNA strand cleavage activity. In
some embodiments, the first regulatory element 1s a poly-
merase III promoter. In some embodiments, the second
regulatory element 1s a polymerase II promoter. In some
embodiments, the guide sequence 1s at least 15, 16, 17, 18,
19, 20, 25 nucleotides, or between 10-30, or between 15-25,
or between 15-20 nucleotides 1n length. In an advantageous
embodiment the guide sequence 1s 20 nucleotides in length.

Aspects of the invention allow for selection of specific
cells without requiring a selection marker or a two-step
process that may iclude a counter-selection system.

Aspects of the invention relate to rules for making potent
sgRNAs. The mvention comprehends machine learning
algorithms (a support vector machine—SVM) that predicts
the eflicacy of a sgRNA based solely on the primary
sequence of the sgRNA. This algorithm may be trained
using data from ribosomal targeting sgRNAs or from any
other exhaustive experimental data set. The trained algo-
rithm may be used to predict the ethicacy of an independent
set of sgRINAs targeting other essential genes (obtained from
screening data). The results indicated that the median
sgRNA predicted to be “potent” versus the median sgRNA
predicted to be “weak™ 1s roughly 3x more effective. In
preferred embodiments of the invention, 1n the last 4 posi-
tions of the guide sequence the nucleotide composition 1s
preferably more Gs/Cs and less Ts.
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As mentioned previously, a critical aspect of the invention
1s gene knock-out and not knock-down (which can be done

with genome-wide siRNA or shRNA libraries). Applicants
have provided the first demonstration of genome-wide
knockouts that are barcoded and can be easily readout with
next generation sequencing. Every single gene (or a subset
of desired genes, for example, those relating to a particular
enzymatic pathway or the like) may be knocked OUT 1n
parallel. This allows quantification of how well each gene
KO confers a survival advantage with the selective pressure
of the screen. In a preferred embodiment, the invention has
advantageous pharmaceutical application, e.g., the invention
may be harnessed to test how robust any new drug designed
to kiall cells (eg. chemotherapeutic) 1s to mutations that KO
genes. Cancers mutate at an exceedingly fast pace and the
libraries and methods of the invention may be used in
functional genomic screens to predict the ability of a che-

motherapy to be robust to “escape mutations”. (Refer to
PLX data in BRAF V600E mutant A375 cells in Example 9.

Other mutations (eg. NF1, NF2, MED12) allow escape from
the killing action of PLX.)

Accordingly, 1t 1s an object of the imvention not to
encompass within the invention any previously known prod-
uct, process of making the product, or method of using the
product such that Applicants reserve the right and hereby
disclose a disclaimer of any previously known product,
process, or method. It 1s further noted that the invention does
not mtend to encompass within the scope of the mvention
any product, process, or making of the product or method of

using the product, which does not meet the written descrip-
tion and enablement requirements of the USPTO (35 U.S.C.
§ 112, first paragraph) or the EPO (Article 83 of the EPC),
such that Applicants reserve the right and hereby disclose a
disclaimer of any previously described product, process of
making the product, or method of using the product.

It 1s noted that in this disclosure and particularly in the
claims and/or paragraphs, terms such as “comprises”, “com-
prised”, “comprising” and the like can have the meaning
attributed to 1t mm U.S. Patent law; e.g., they can mean
“includes™, “included”, “including”, and the like; and that
terms such as “consisting essentially of” and *“consists
essentially of” have the meaning ascribed to them i U.S.
Patent law, e.g., they allow for elements not explicitly
recited, but exclude elements that are found in the prior art
or that aflect a basic or novel characteristic of the invention.
These and other embodiments are disclosed or are obvious
from and encompassed by, the following Detailed Descrip-

tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with
particularity 1n the appended claims. A better understanding,
of the features and advantages of the present invention will
be obtained by reference to the following detailed descrip-
tion that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the accompany-
ing drawings ol which:

FIGS. 1A-G show A pooled approach for genetic screen-
ing in mammalian cells using a lentiviral CRISPR/Cas9
system (A) Outline of sgRNA library construction and
genetic screening strategy (B) Immunoblot analysis of wild-
type KBM7 cells and KBM7 cells transduced with a doxy-
cycline inducible FLAG-Cas9 construct upon doxycycline
induction. S6K1 was used as a loading control. (C) Suil-
ciency of single copy sgRNAs to induce genomic cleavage.

Cas9-expressing KBM7 cells were transduced with AAVS] -
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targeting sgRNA lentivirus at low MOI. The SURVEYOR
mutation detection assay was performed on cells at the
indicated days post-infection (dp1). Brietly, mutations result-
ing from cleavage of the AAVS1 locus were detected
through PCR amplification of a 500-bp amplicon flanking
the target sequence, re-annealing of the PCR product and
selective digestion of mismatched heteroduplex fragments.
(D) Characterization of mutations induced by CRISPR/Cas9
as analyzed by high-throughput sequencing. (E) sgRNA
library design pipeline. (F) Example of sgRNAs designed
for PSMA 4. sgRNAs targeting constitutive exonic coding
sequences nearest to the start codon were chosen for con-

struction. (G) Composition of genome-scale sgRNA library.
FIGS. 2A-G show Resistance screens using CRISPR/

Cas9. (A) Raw abundance (%) of sgRNA barcodes after 12
days of selection with 6-thioguanine (6-1TG). (B) Mismatch
repair (MMR) deficiency confers resistance to 6-1TG. Dia-
gram depicts cellular DNA repair processes. Only sgRNASs
targeting components of the DNA MMR pathway were
enriched. Diagram modified and adapted from. (C) Primary
ctoposide screening data. The count for a sgRNA 1s defined
as the number of reads that perfectly match the sgRINA target
sequence. (D) sgRNAs from both screens were ranked by
theirr differential abundance between the treated versus
untreated populations. For clarity, sgRNAs with no change
in abundance are omitted. (E) Gene hit identification by
comparing differential abundances of all sgRNAs targeting
a gene to differential abundances of non-targeting sgRNAs
in a one-sided Kolmogorov-Smirnov test. p-values are cor-
rected for multiple hypothesis testing. (F) Immunoblot
analysis of WT and sgRNA-modified HL60 cells 1 week
alter infection. S6K1 was used as a loading control. (G)
Viability, as measured by cellular ATP concentration, of WT
and sgRNA-modified HL60 cells at indicated etoposide
concentrations. Error bars denote standard deviation (n=3).

FIGS. 3A-G shows Negative selection screens using
CRISPR/Cas9 reveal rules governing sgRNA potency. (A)
Selective depletion of sgRNAs targeting exons of BCR and
ABL1 present 1n the fusion protein. Individual sgRNAs are
plotted according to their target sequence position along
cach gene and the height of each bar indicates the level of
depletion observed. Boxes indicate individual exons. (B)
Cas9-dependent depletion of sgRNAs targeting ribosomal
proteins. Cumulative distribution function plots of log 2 fold
changes 1n sgRNA abundance before and after twelve cell
doublings 1 Cas9-KBM7, Cas9-HL60 and WT-KBM7
cells. (C) Requirement of similar sets of ribosomal protein
genes for proliferation in the HL60 and KBM7 cells. Gene
scores are defined as the median log, fold change of all
sgRNAs targeting a gene. (D) Depleted sgRNAs target
genes involved 1n fundamental biological processes. Gene
Set Enrichment Analysis was performed on genes ranked by
their combined depletion scores from screens in HL.60 and
KBMY7 cells. Vertical lines underneath the x-axis denote
members of the gene set analyzed. (E) Features influencing
sgRNA eflicacy. Depletion (log, fold change) of sgRNAs
targeting ribosomal protein genes was used as an indicator
of sgRNA potency. Correlation between log 2 fold changes
and spacer % GC content (left), exon position targeted
(middle) and strand targeted (right) are depicted. (*p<0.03)
(F) sgRNA target sequence preferences for Cas9 loading and
cleavage efliciency. Position-specific nucleotide preferences
for Cas9 loading are determined by counting sgRNAs bound
to Cas9 normalized to the number of corresponding genomic
integrations. Heatmaps depict sequence-dependent variation
in Cas9 loading (top) and ribosomal protein gene-targeting
sgRNA depletion (bottom). The color scale represents the
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median value (of Cas9 atlinity or log 2 fold-change) for all
sgRNAs with the specified nucleotide at the specified posi-
tion. (G) sgRNA potency prediction. Ribosomal protein
gene-targeting sgRNAs were designated as ‘weak’ or
‘potent’ based their log 2 fold change and used to train a
support-vector-machine (SVM) classifier. As an independent
test, the SVM was used to predict the potency of sgRNAs
targeting 400 essential non-ribosomal genes. (*p<0.05).
FIGS. 4A-B show Ofi-target cleavage analysis. (A)
AAVS]1 and predicted sgAAVS]1 ofi-target (O1) sites were
individually amplified 1 a nested PCR from genomic DNA
from sgAAVS-modified and WT Cas9-KBM7 cells and

analyzed by high-throughput sequencing. Figure discloses
SEQ ID NOS 23-38, respectively, 1n order of appearance.
(B) Barplot summary of the results.

FIGS. 5A-B show Deep sequencing analysis of 1nitial and
final sgRINA library representation. (A) Cumulative distri-
bution function plots of sgRNA barcodes 24 hours after
infection and after twelve cell doublings 1n Cas9-KBM7 and
(B) Cas9-HL60 cells.

FIGS. 6A-B show Negative selection screens reveal
essential genes. (A) Ribosomal protein gene essentiality
correlates with expression. Ribosomal protein gene deple-
tion scores from the negative selection screen 1n (Cas9-
KBMY7 cells are plotted against transcript abundance as
determined by RN A-seq analysis of the KBM7 cell line. (B)

Gene depletion scores of all genes screened are well corre-
lated between Cas9-KBM7 and Cas9-HL60 cells.

FIG. 7 shows High variability 1s observed between neigh-
boring ribosomal protein gene-targeting sgRNAs. Difler-
ences 1n log 2 fold change of neighboring sgRNA pairs are
similar to differences 1n log 2 fold change of random sgRNA
pairs within the same gene indicating that local chromatin
state does not significantly impact sgRINA efficacy.

FIGS. 8A-D show z-score analysis of positive selection
screens. (A) z-scores of all sgRNAs targeting hit genes and
non-targeting controls in the 6-TG screen. A sgRINA “scores’
if z>2. (B) Perfect discrimination between true and false
positives 1s achieved at this significance threshold. (C)
z-scores of all sgRNAs targeting hit genes and non-targeting

controls 1n the etoposide screens. A sgRNA ‘scores’ if z>2.
(D) Pertect discrimination between true and false positives
1s achueved at this significance threshold.

FIGS. 9A-B show a scheme for predicting weak and
potent sgRNAs (A) A graphical representation of the density
vs. Log, fold change of ribosomal protein-targeting sgR-
NAs. (B) Chart showing a representation ol a machine
learning algorithm (a support vector machine (SVM)) that
predicts the eflicacy of a sgRNA based solely on the primary
sequence of the sgRNA, wherein the algorithm 1s trained
using data from ribosomal traiming sgRINAs.

FIG. 10 1s a graph showing classic depletion of sgRNAs
targeting ribosomal proteins.

FIG. 11 shows concordance on a gene-level with the
previous data (when looking at approximately 7,000 genes).

FIG. 12 1s a graph of true vs false positives using gene
scores from the herein-described 1mproved optimized
screening—that obtains improved and optimized sgRNA
library(ies)—as well data obtained 1n previous screens per-
formed (Shalem, Wang) to predict the essentiality of
homologous genes 1n budding yeast where gene knockouts
have been systematically generated and assessed for viabil-
ity.

The figures herein are for illustrative purposes only and
are not necessarily drawn to scale.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

With respect to general imformation on CRISPR-Cas
Systems, components thereof, and delivery of such compo-
nents, including methods, matenals, delivery vehicles, vec-
tors, particles, AAV, and making and using thereof, including
as to amounts and formulations, all usetul in the practice of
the 1nstant invention, reference 1s made to: U.S. Pat. Nos.
8,697,339, 8,771,945, 8,795,965, 8,865,406 and 8,871,445;
US Patent Publications US 2014-0287938 Al (U.S. appli-
cation Ser. No. 14/213,991), US 2014-0273234 Al (U.S.
application Ser. No. 14/293,674), US2014-0273232 Al
(U.S. application Ser. No. 14/290,575), US 2014-0273231
(U.S. application Ser. No. 14/259,420), US 2014-0256046
Al (U.S. application Ser. No. 14/226,274), US 2014-
0248702 Al (U.S. application Ser. No. 14/238,438), US
2014-02427700 Al (U.S. application Ser. No. 14/222,930),
US 2014-0242699 Al (U.S. application Ser. No. 14/183,
512), US 2014-0242664 Al (U.S. application Ser. No.
14/104,990), US 2014-0234972 Al (U.S. application Ser.
No. 14/183,471), US 2014-0227787 Al (U.S. application
Ser. No. 14/256,912), US 2014-0189896 Al (U.S. applica-
tion Ser. No. 14/105,035), US 2014-0186938 (U.S. applica-
tion Ser. No. 14/105,017), US 2014-0186919 Al (U.S.
application Ser. No. 14/104,977), US 2014-0186843 Al
(U.S. application Ser. No. 14/104,900), US 2014-0179770
Al (U.S. application Ser. No. 14/104,837) and US 2014-
0179006 Al (U.S. application Ser. No. 14/183,486); PCT
Patent Publications WO 2014/093661 (PCT/US2013/
074743), WO 2014/093694 (PCT/US2013/074790), WO
2014/093595 (PCT/US2013/074611), WO 2014/093718
(PCT/US2013/074825), WO 2014/093709 (PCT/US2013/
074812), WO 2014/093622 (PCT/US2013/074667), WO
2014/093635 (PCT/US2013/074691), WO 2014/093655
(PCT/US2013/074736), WO 2014/093712 (PCT/US2013/
074819), WO02014/093701 (PCT/US2013/074800), and
W02014/018423 (PCT/US2013/051418); U.S. provisional
patent applications 61/961,980 and 61/963,643 each entitled
FUNCTIONAL GENOMICS USING CRISPR-CAS SYS-
TEMS, COMPOSITIONS, METHODS, SCREENS AND
APPLICATIONS THEREOF, filed Oct. 28 and Dec. 9, 2013
respectively; PCT/US2014/041806, filed Jun. 10, 2014, U.S.
provisional patent applications 61/836,123, 61/960,777 and
61/9935,636, filed on Jun. 17, 2013, Sep. 25, 2013 and Apr.
15, 2014, and PCT/US13/74800, filed Dec. 12, 2013.: Ret-
erence 1s also made to U.S. provisional patent applications
61/736,527, 61/748,427, 61/791,409 and 61/835,931, filed
on Dec. 12, 2012, Jan. 2, 2013, Mar. 15, 2013 and Jun. 17,
2013, respectively. Reference 1s also made to U.S. provi-
sional applications 61/757,972 and 61/768,959, filed on Jan.
29, 2013 and Feb. 235, 2013, respectively. Reference 1s also
made to U.S. provisional patent applications 61/8335,931,
61/835,936, 61/836,127, 61/836,101, 61/836,080 and
61/835,973, each filed Jun. 17, 2013. Each of these appli-
cations, and all documents cited therein or during their
prosecution (“appln cited documents™) and all documents
cited or referenced in the appln cited documents, together
with any instructions, descriptions, product specifications,
and product sheets for any products mentioned therein or 1n
any document therein and incorporated by reference herein,
are hereby incorporated herein by reference, and may be
employed 1n the practice of the mnvention. All documents
(e.g., these applications and the appln cited documents) are
incorporated herein by reference to the same extent as 1f
cach individual document was specifically and individually
indicated to be incorporated by reference. Citations for
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documents cited herein may also be found 1n the foregoing
herein-cited documents, as well as those hereinbelow cited.

Also with respect to general information on CRISPR-Cas

Systems, mention 1s made of:

Multiplex genome engineering using CRISPR/Cas sys-
tems. Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto,
R., Habib, N., Hsu, P. D., Wu, X., Jiang, W., Marraflin,
L. A., & Zhang, F. Science February 15; 339(6121):
819-23 (2013);

RNA-guided editing of bacterial genomes using CRISPR -
Cas systems. Jiang W., Bikard D., Cox D., Zhang F,
Manrathini L. A. Nat Biotechnol March; 31(3):233-9
(2013);

One-Step Generation of Mice Carrying Mutations in

Multiple Genes by CRISPR/Cas-Mediated Genome

Engineering. Wang H., Yang H., Shivalila C §.,
Dawlaty M M., Cheng AW , Zhang F Jaenisch R. Cell

May 9: 153(4):910-8 (2013):

Optical control of mammalian endogenous transcription
and epigenetic states. Konermann S, Brigham M D,
Trevino A E, Hsu P D, Heidenreich M, Cong L, Platt R
I, Scott D A, Church G M, Zhang F. Nature. 2013 Aug.
22; 500(7463):472-6. do1: 10.1038/Nature2466. Epub
2013 Aug. 23;

Double Nlcklng by RNA-Guided CRISPR Cas9 ifor

Enhanced Genome Editing Specificity. Ran, F A., Hsu,

P D., Lin, C Y., Gootenberg, ] S., Konermann S.,
Trevmo A E., Scott D A, Inoue A., Matoba, S.,
Zhang, Y., & Zhang, F. Cell August 28 pli; 80092-
8674(13)01015-5. (2013);

DNA targeting specificity of RNA-gmded Cas9 nucle-
ases. Hsu, P., Scott, D., Weinstemn, J., Ran, F A.,
Konermann, S., Agarwala, V., L1, Y., Fine, E., Wu, X.,
Shalem, O., Cradick, T J., Marrathm, L. A., Bao, G., &
Zhang, F. Nat Biotechnol 2013 Sep.; 31(9):827-32. doa:
10.1038/nbt.2647. Epub 2013 Jul. 21; Y Genome engi-
neering using the CRISPR-Cas9 system Ran, I A.,

Hsu, P D., Wrnight, J., Agarwala, V., Scott, D A. Zhang,,

F. Nature Protocols November 8(11): 2281 308.
(2013);

Genome-Scale CRISPR-Cas9 Knockout Screening in
Human Cells. Shalem, O., Sanjana, N E., Hartenian, E.
Shi, X., Scott, D A., Mlkkelson T., Heckl D., Ebert, B
L., Root, D E., Doench, J G, Zhang, F Science
December 12. (2013). [Epub ahead of print];

Crystal structure of cas9 1n complex with guide RNA and
target DNA. Nishimasu, H., Ran, F A., Hsu, P D.,
Konermann, S., Shehata, S 1., Dohmae, N., Ishitani, R.,
Zhang, F., Nureki, O. Cell February 27. (2014). 156
(5):935-49;

Genome-wide binding of the CRISPR endonuclease Cas9
in mammalian cells. Wu X., Scott D A., Kriz A J., Chiu
A C., Hsu P D., Dadon D B , Cheng A W., Trevmo A

E. Konermann S., Chen S., Jaenisch R., Zhang F.,
Sharp P A. Nat Blotechnol (2014) Aprll 20. d01
10.1038/nbt.2889,

Development and Applications of CRISPR-Cas9 ifor
Genome Engineering, Hsu et al, Cell 157, 1262-1278
(Jun. 5, 2014) (Hsu 2014),

Genetic screens 1 human cells using the CRISPR/Cas9
system, Wang et al., Science. 2014 Jan. 3: 343(6166):
80-84. do1:10.1126/science. 1246981, and

Rational design of highly active sgRNAs for CRISPR-
Cas9-mediated gene inactivation, Doench et al., Nature
Biotechnology published online 3 Sep. 2014; doa:
10.1038/nbt.3026.
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cach of which 1s incorporated herein by reference, and
discussed brietly below:

Cong et al. engineered type 11 CRISPR/Cas systems for
use 1n eukaryotic cells based on both Streptococcus ther-
mophilus Cas9 and also Streptoccocus pvogenes Cas9 and
demonstrated that Cas9 nucleases can be directed by short
RNAs to induce precise cleavage of DNA in human and
mouse cells. Their study further showed that Cas9 as con-
verted mto a nicking enzyme can be used to {facilitate
homology-directed repair in eukaryotic cells with minimal
mutagenic activity. Additionally, their study demonstrated
that multiple guide sequences can be encoded into a single
CRISPR array to enable simultaneous editing of several at
endogenous genomic loci sites within the mammalian
genome, demonstrating easy programmability and wide
applicability of the RNA-guided nuclease technology. This
ability to use RNA to program sequence specific DNA
cleavage 1n cells defined a new class of genome engineering
tools. These studies further showed that other CRISPR loci
are likely to be transplantable into mammalian cells and can
also mediate mammalian genome cleavage. Importantly, 1t
can be envisaged that several aspects of the CRISPR/Cas
system can be further improved to increase 1ts efliciency and
versatility.

Jlang et al. used the clustered, regularly interspaced, short
palindromic repeats (CRISPR)-associated Cas9 endonu-
clease complexed with dual-RNAs to introduce precise
mutations in the genomes of Streptococcus preumoniae and
Escherichia coli. The approach relied on dual-RNA:Cas9-
directed cleavage at the targeted genomic site to kill unmu-
tated cells and circumvents the need for selectable markers
or counter-selection systems. The study reported reprogram-
ming dual-RNA:Cas9 specificity by changing the sequence
of short CRISPR RNA (crRNA) to make single- and mul-
tinucleotide changes carried on editing templates. The study
showed that simultancous use of two crRNAs enabled
multiplex mutagenesis. Furthermore, when the approach
was used in combination with recombineering, 1n .S. preu-
moniae, nearly 100% of cells that were recovered using the
described approach contained the desired mutation, and in £.
coli, 65% that were recovered contained the mutation.

Konermann et al. addressed the need in the art for
versatile and robust technologies that enable optical and
chemical modulation of DNA-binding domains based
CRISPR Cas9 enzyme and also Transcriptional Activator
Like Eflectors.

Cas9 nuclease from the microbial CRISPR-Cas system 1s
targeted to specific genomic loc1 by a 20 nt guide sequence,
which can tolerate certain mismatches to the DNA target and
thereby promote undesired oflf-target mutagenesis. To
address this, Ran et al. described an approach that combined
a Cas9 nickase mutant with paired guide RNAs to introduce
targeted double-strand breaks. Because individual nicks in
the genome are repaired with high fidelity, simultaneous
nicking via approprately oflset guide RNAs 1s required for
double-stranded breaks and extends the number of specifi-
cally recognized bases for target cleavage. The authors
demonstrated that using paired nicking can reduce ofi-target
activity by 30- to 1,500-fold 1n cell lines and to facilitate
gene knockout in mouse zygotes without sacrificing on-
target cleavage efliciency. This versatile strategy enables a
wide variety of genome editing applications that require
high specificity.

Hsu et al. characterized SpCas9 targeting specificity in
human cells to inform the selection of target sites and avoid
ofl-target eflects. The study evaluated >700 guide RNA
variants and SpCas9-induced indel mutation levels at >100
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predicted genomic off-target loc1 1n 293T and 293FT cells.
The authors reported that SpCas9 tolerates mismatches
between guide RNA and target DNA at different positions in
a sequence-dependent manner, sensitive to the number,
position and distribution of mismatches. The authors further
showed that SpCas9-mediated cleavage 1s unaflected by
DNA methylation and that the dosage of SpCas9 and sgRINA
can be ftitrated to minimize ofl-target modification. Addi-
tionally, to facilitate mammalian genome engineering appli-
cations, the authors reported providing a web-based sofit-
ware tool to guide the selection and validation of target
sequences as well as ofl-target analyses.

Ran et al. described a set of tools for Cas9-mediated
genome editing via non-homologous end joining (NHET) or
homology-directed repair (HDR) in mammalian cells, as
well as generation of modified cell lines for downstream
functional studies. To minimize ofl-target cleavage, the
authors further described a double-nicking strategy using the
Cas9 nickase mutant with paired guide RNAs. The protocol
provided by the authors experimentally derived guidelines
for the selection of target sites, evaluation of cleavage
clliciency and analysis of off-target activity. The studies
showed that beginning with target design, gene modifica-
tions can be achieved within as little as 1-2 weeks, and
modified clonal cell lines can be derived within 2-3 weeks.

Shalem et al. described a new way to interrogate gene
function on a genome-wide scale. Their studies showed that
delivery of a genome-scale CRISPR-Cas9 knockout
(GeCKO) library targeted 18,080 genes with 64,751 unique
guide sequences enabled both negative and positive selec-
tion screening in human cells. First, the authors showed use
of the GeCKO library to i1dentily genes essential for cell
viability 1n cancer and pluripotent stem cells. Next, in a
melanoma model, the authors screened for genes whose loss
1s 1nvolved 1n resistance to vemurafenib, a therapeutic that
inhibits mutant protein kinase BRAF. Their studies showed
that the highest-ranking candidates included previously vali-
dated genes NF1 and MEDI12 as well as novel hits NF2,
CUL3, TADA2B, and TADA1. The authors observed a high
level of consistency between independent guide RNAs tar-
geting the same gene and a high rate of hit confirmation, and
thus demonstrated the promise of genome-scale screening
with Cas9.

Nishimasu et al. reported the crystal structure of Strepto-
coccus pyogenes Cas9 1n complex with sgRNA and 1ts target
DNA at 2.5 A° resolution. The structure revealed a bilobed
architecture composed of target recognition and nuclease
lobes, accommodating the sgRNA:DNA heteroduplex 1n a
positively charged groove at their interface. Whereas the
recognition lobe 1s essential for binding sgRINA and DNA,
the nuclease lobe contains the HNH and RuvC nuclease
domains, which are properly positioned for cleavage of the
complementary and non-complementary strands of the tar-
get DNA, respectively. The nuclease lobe also contains a
carboxyl-terminal domain responsible for the interaction
with the protospacer adjacent motit (PAM). This high-
resolution structure and accompanying functional analyses
have revealed the molecular mechanism of RNA-guided
DNA targeting by Cas9, thus paving the way for the rational
design of new, versatile genome-editing technologies.

Wu et al. mapped genome-wide binding sites of a cata-
lytically iactive Cas9 (dCas9) from Streptococcus pyo-
genes loaded with single guide RNAs (sgRINAs) 1n mouse
embryonic stem cells (mESCs). The authors showed that
cach of the four sgRNAs tested targets dCas9 to between
tens and thousands of genomic sites, frequently character-
1zed by a S-nucleotide seed region in the sgRNA and an
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NGG protospacer adjacent motif (PAM). Chromatin 1nac-
cessibility decreases dCas9 binding to other sites with
matching seed sequences; thus 70% of ofl-target sites are
associated with genes. The authors showed that targeted
sequencing ol 295 dCas9 binding sites in mESCs transiected
with catalytically active Cas9 i1dentified only one site
mutated above background levels. The authors proposed a
two-state model for Cas9 binding and cleavage, in which a
seed match triggers binding but extensive pairing with target
DNA 1s required for cleavage.

Hsu 2014 1s a review article that discusses generally
CRISPR-Cas9 history from yogurt to genome editing,
including genetic screening of cells, that 1s 1n the 1nforma-
tion, data and findings of the applications 1n the lineage of
this specification filed prior to Jun. 5, 2014. The general
teachings of Hsu 2014 do not involve the specific models,
amimals of the istant specification.

Mention 1s also made of Tsai et al, “Dimeric CRISPR
RNA-guided Fokl nucleases for highly specific genome
editing,” Nature Biotechnology 32(6): 569-77 (2014), incor-
porated herein by reference.

With regard to US and PCT patent applications herein
cited, and the practice of the instant invention, especially as
to GeCKO libraries, the herein mentioned CDs (as filed in
connection with U.S. applications 61/960,777 and 61/995,
636) can be accessed and also the GeCKO library(ies) as
have been deposited with the ATCC can be accessed. The
GeCKO library(ies) have been deposited as plasmid library
(1es) as follows:

(A) GeCKOl—Ilibrary of sgRNA plasmids each encoding
selected guide sequences and cloned into vector (len-
t1CRISPRv2)—ATCC Deposit No. PTA-121339;

(B) GeCKO2—half library A (human) sgRNA plasmids
cach encoding selected guide sequences and cloned
into vector—ATCC Deposit No. PTA-121340;

(C) GeCKO2—half library B (human) of sgRNA plas-
mids each encoding selected gumde sequences and
cloned 1mto vector—ATCC Deposit No. PTA-121341;

(D) GeCKO2—half library A (mouse) sgRNA plasmids

cach encoding selected guide sequences and cloned

into vector—ATCC Deposit No. PTA-121342; and
(E) GeCKO2—half library A (mouse) sgRNA plasmids

cach encoding selected guide sequences and cloned

into vector—ATCC Deposit No. PTA-121343;
wherein “GeCKO” stands for Genome-scale CRISPR-Cas9
Knock Out”. The various GeCKO libraries have been gen-
crated for targeting either human or mouse genomes and
consist of a one vector system or a two vector system for
delivery of short 20 bp sequences of the sgRNA with or
without Cas9. The GeCKO1 library consists of specific
sgRNA sequences for gene knock-out in either the human or
mouse genome. The GeCKO2 libraries consist of specific
sgRNA sequences for gene knock-out in either the human or
mouse genome, wherein each species-specific library 1s
delivered as two half-libraries (A and B). When used
together, the A and B libraries contain 6 sgRNAs per gene
(3 sgRNASs 1n each library) and may contain 4 sgRNAs per
microRNA (“miRNA”) for over 1000 miRNA per genome
(1864 1in human, 1175 1n mouse). Any one or more GeCKO
library may be used 1n any one of the methods or 1n any one
of the kits of the present invention. The GeCKO libraries,
and specifically each of (A) to (E), above, were deposited
with the American Type Culture Collection (ATCC) on Jun.
10, 2014, and are further exemplified in ATCC Deposit Nos:
PTA-121339, PTA-121340, PTA-121341, PTA-121342,
PTA-121343, deposited on Jun. 10, 2014, as provided herein
and 1n the compact discs (CDs) created Apr. 11, 2014, as
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filed 1 connection with U.S. applications 61/960,777 and
61/995,636, mncluding as the information set forth in those
US applications and the compact discs (CDs) filed therewith
1s presented herein via the ATCC Deposits.

The terms “‘polynucleotide”, “nucleotide”, “nucleotide
sequence”, “nucleic acid” and “oligonucleotide” are used
interchangeably. They refer to a polymeric form of nucleo-
tides of any length, either deoxyribonucleotides or ribo-
nucleotides, or analogs thereof. Polynucleotides may have
any three dimensional structure, and may perform any
function, known or unknown. The following are non limit-
ing examples of polynucleotides: coding or non-coding
regions of a gene or gene fragment, loci (locus) defined from

linkage analysis, exons, introns, messenger RNA (mRNA),
transfer RNA, ribosomal RNA, short mterfering RNA
(siRNA), short-hairpin RNA (shRNA), micro-RNA
(mi1RNA), rnbozymes, cDNA, recombinant polynucleotides,
branched polynucleotides, plasmids, vectors, 1solated DNA
of any sequence, 1solated RNA of any sequence, nucleic acid
probes, and primers. A polynucleotide may comprise one or
more modified nucleotides, such as methylated nucleotides
and nucleotide analogs. If present, modifications to the
nucleotide structure may be imparted before or after assem-
bly of the polymer. The sequence of nucleotides may be
interrupted by non nucleotide components. A polynucleotide
may be further modified after polymerization, such as by
conjugation with a labeling component.

As used herein the term “candidate gene” refers to a
cellular, viral, episomal, microbial, protozoal, fungal, ani-
mal, plant, chloroplastic, or mitochondrial gene. This term
also refers to a microbial or viral gene that 1s part of a
naturally occurring microbial or viral genome 1n a microbi-
ally or virally ifected cell. The microbial or viral genome
can be extrachromosomal or integrated into the host chro-
mosome. This term also encompasses endogenous and exog-
enous genes, as well as cellular genes that are identified as
ESTs. Often, the candidate genes of the invention are those
tor which the biological function 1s unknown. An assay of
choice 1s used to determine whether or not the gene 1is
associated with a selected phenotype upon regulation of
candidate gene expression with systems of the invention. If
the biological function 1s known, typically the candidate
gene acts as a control gene, or 1s used to determine 11 one or
more additional genes are associated with the same pheno-
type, or 1s used to determine 1f the gene participates with
other genes 1n a particular phenotype.

A “selected phenotype” refers to any phenotype, e.g., any
observable characteristic or functional effect that can be
measured 1 an assay such as changes in cell growth,
proliferation, morphology, enzyme function, signal trans-
duction, expression patterns, downstream expression pat-
terns, reporter gene activation, hormone release, growth
factor release, neurotransmitter release, ligand binding,
apoptosis, and product formation. Such assays include, e.g.,
transformation assays, €.g., changes in proliferation, anchor-
age dependence, growth factor dependence, foc1 formation,
growth 1n soft agar, tumor proliferation in nude mice, and
tumor vascularization 1n nude mice; apoptosis assays, €.g.,
DNA laddering and cell death, expression of genes involved
in apoptosis; signal transduction assays, e.g., changes 1n
intracellular calcium, cAMP, cGMP, IP3, changes in hor-
mone and neurotransmitter release; receptor assays, €.g.,
estrogen receptor and cell growth; growth factor assays, e.g.,
EPO, hypoxia and erythrocyte colony forming units assays;
enzyme product assays, e.g., FAD-2 induced o1l desatura-
tion; transcription assays, €.g., reporter gene assays; and
protein production assays, e.g., VEGF ELISAs. A candidate
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gene 1s “associated with” a selected phenotype 1if modulation
ol gene expression of the candidate gene causes a change 1n
the selected phenotype.

In aspects of the invention the terms “chimeric RNA”,
“chimeric guide RNA”, “guide RNA”, “single gmide RNA”
and “synthetic guide RNA” are used interchangeably and
refer to the polynucleotide sequence comprising the guide
sequence, the tracr sequence and the tracr mate sequence.
The term “guide sequence” refers to the about 20 bp
sequence within the guide RNA that specifies the target site
and may be used interchangeably with the terms “guide™ or
“spacer”. The term “tracr mate sequence” may also be used
interchangeably with the term *“‘direct repeat(s)”.

As used herein the term “wild type” 1s a term of the art
understood by skilled persons and means the typical form of
an organism, strain, gene or characteristic as 1t occurs 1n
nature as distinguished from mutant or variant forms.

As used herein the term “variant” should be taken to mean
the exhibition of qualities that have a pattern that deviates
from what occurs 1n nature.

The terms “non-naturally occurring”™ or “engineered” are
used interchangeably and indicate the involvement of the
hand of man. The terms, when referring to nucleic acid
molecules or polypeptides mean that the nucleic acid mol-
ecule or the polypeptide 1s at least substantially free from at
least one other component with which they are naturally
associated 1n nature and as found 1n nature.

“Complementarity” refers to the ability of a nucleic acid
to form hydrogen bond(s) with another nucleic acid
sequence by either traditional Watson-Crick base pairing or
other non-traditional types. A percent complementarity indi-
cates the percentage of residues 1n a nucleic acid molecule
which can form hydrogen bonds (e.g., Watson-Crick base
pairing) with a second nucleic acid sequence (e.g., 5, 6, 7, 8,
9, 10 out of 10 being 50%, 60%, 70%, 80%, 90%, and 100%
complementary). “Perfectly complementary” means that all
the contiguous residues of a nucleic acid sequence will
hydrogen bond with the same number of contiguous residues
in a second nucleic acid sequence. “Substantially comple-
mentary” as used herein refers to a degree of complemen-
tarity that 1s at least 60%, 65%, 70%, 75%, 80%, 85%, 900,
95%, 97%, 98%, 99%, or 100% over aregionof 8, 9, 10, 11,
12, 13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 35,
40, 45, 50, or more nucleotides, or refers to two nucleic acids
that hybridize under stringent conditions.

As used herein, “stringent conditions” for hybridization
refers to conditions under which a nucleic acid having
complementarity to a target sequence predominantly hybrid-
izes with the target sequence, and substantially does not
hybridize to non-target sequences. Stringent conditions are
generally sequence-dependent, and vary depending on a
number of factors. In general, the longer the sequence, the
higher the temperature at which the sequence specifically
hybridizes to 1ts target sequence. Non-limiting examples of
stringent conditions are described 1n detail 1n Tiyssen (1993),
Laboratory Techniques In Biochemistry And Molecular
Biology-Hybridization With Nucleic Acid Probes Part 1,
Second Chapter “Overview of principles of hybridization
and the strategy of nucleic acid probe assay”, Elsevier, N.Y.

“Hybridization™ refers to a reaction in which one or more
polynucleotides react to form a complex that 1s stabilized via
hydrogen bonding between the bases of the nucleotide
residues. The hydrogen bonding may occur by Watson Crick
base pairing, Hoogsteen binding, or 1n any other sequence
specific manner. The complex may comprise two strands
forming a duplex structure, three or more strands forming a
mult1 stranded complex, a single self hybridizing strand, or
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any combination of these. A hybridization reaction may
constitute a step 1n a more extensive process, such as the
initiation of PCR, or the cleavage of a polynucleotide by an
enzyme. A sequence capable of hybrnidizing with a given
sequence 1s referred to as the “complement” of the given
sequence.

As used herein, “expression’” refers to the process by
which a polynucleotide 1s transcribed from a DNA template
(such as into and mRINA or other RNA transcript) and/or the
process by which a transcribed mRNA 1s subsequently
translated into peptides, polypeptides, or proteins. Tran-
scripts and encoded polypeptides may be collectively
referred to as “gene product.” If the polynucleotide 1s
derived from genomic DNA, expression may include splic-
ing of the mRNA 1n a eukaryotic cell.

The terms “polypeptide”, “peptide” and “protein” are
used interchangeably herein to refer to polymers of amino
acids of any length. The polymer may be linear or branched,
it may comprise modified amino acids, and 1t may be
interrupted by non amino acids. The terms also encompass
an amino acid polymer that has been modified; for example,
disulfide bond formation, glycosylation, lipidation, acety-
lation, phosphorylation, or any other manipulation, such as
conjugation with a labeling component. As used herein the
term “amino acid” includes natural and/or unnatural or
synthetic amino acids, including glycine and both the D or
L. optical 1somers, and amino acid analogs and peptidomi-
metics.

The terms “subject,” “individual,” and “patient” are used
interchangeably herein to refer to a vertebrate, preferably a
mammal, more preferably a human. Mammals include, but
are not limited to, murines, simians, humans, farm animals,
sport amimals, and pets. Tissues, cells and their progeny of
a biological entity obtained in vivo or cultured 1n vitro are
also encompassed.

The terms “therapeutic agent”, “therapeutic capable
agent” or “treatment agent” are used interchangeably and
refer to a molecule or compound that confers some benefi-
cial effect upon administration to a subject. The beneficial
ellect includes enablement of diagnostic determinations;
amelioration of a disease, symptom, disorder, or pathologi-
cal condition; reducing or preventing the onset of a disease,
symptom, disorder or condition; and generally counteracting
a disease, symptom, disorder or pathological condition.

As used herein, “treatment” or ““treating,” or “palliating”
or “ameliorating” are used interchangeably. These terms
refer to an approach for obtaining beneficial or desired
results including but not limited to a therapeutic benefit
and/or a prophylactic benefit. By therapeutic benefit is
meant any therapeutically relevant improvement 1n or effect
on one or more diseases, conditions, or symptoms under
treatment. For prophylactic benefit, the compositions may be
administered to a subject at risk of developing a particular
disease, condition, or symptom, or to a subject reporting one
or more ol the physiological symptoms of a disease, even
though the disease, condition, or symptom may not have yet
been manifested.

The term “effective amount™ or “therapeutically efiective
amount” refers to the amount of an agent that 1s suflicient to
cllect beneficial or desired results. The therapeutically effec-
tive amount may vary depending upon one or more of: the
subject and disease condition being treated, the weight and
age ol the subject, the severity of the disease condition, the
manner of administration and the like, which can readily be
determined by one of ordinary skill in the art. The term also
applies to a dose that will provide an 1mage for detection by
any one ol the imaging methods described herein. The
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specific dose may vary depending on one or more of: the
particular agent chosen, the dosing regimen to be followed,
whether 1t 1s administered 1n combination with other com-
pounds, timing of administration, the tissue to be 1maged,
and the physical delivery system in which 1t 1s carried.

The practice of the present invention employs, unless
otherwise indicated, conventional techniques of 1mmunol-
ogy, biochemistry, chemistry, molecular biology, microbiol-
ogy, cell biology, genomics and recombinant DNA, which
are within the skill of the art. See Sambrook, Fritsch and
Maniatis, MOLECULAR CLONING: A LABORATORY
MANUAL, 2nd edition (1989); CURRENT PROTOCOLS
IN MOLECULAR BIOLOGY (F. M. Ausubel, et al. eds.,
(1987)); the series METHODS IN ENZYMOLOGY (Aca-
demic Press, Inc.): PCR 2: A PRACTICAL APPROACH
(M. J. MacPherson, B. D. Hames and G. R. Taylor eds.
(1993)), Harlow and Lane, eds. (1988) ANTIBODIES, A
LABORATORY MANUAL, and ANIMAL CELL CUL-
TURE (R.I. Freshney, ed. (1987)).

Several aspects of the mvention relate to vector systems
comprising one or more vectors, or vectors as such. Vectors
can be designed for expression of CRISPR transcripts (e.g.
nucleic acid transcripts, proteins, or enzymes) in prokaryotic
or eukaryotic cells. For example, CRISPR transcripts can be
expressed 1n bacterial cells such as Escherichia coli, nsect
cells (using baculovirus expression vectors), veast cells, or

mammalian cells. Suitable host cells are discussed further in
Goeddel, GENE EXPRESSION TECHNOLOGY: METH-

ODS IN ENZYMOLOGY 1835, Academic Press, San Diego,
Calif. (1990), the contents of which are incorporated herein
by reference. Alternatively, the recombinant expression vec-
tor can be transcribed and translated in vitro, for example the
lentiviral vectors encompassed in aspects of the mmvention
may comprise a U6 RNA pol III promoter.

In general, and throughout this specification, the term
“vector” refers to a nucleic acid molecule capable of trans-
porting another nucleic acid to which 1t has been linked.
Vectors include, but are not limited to, nucleic acid mol-
ecules that are single-stranded, double-stranded, or partially
double-stranded; nucleic acid molecules that comprise one
or more iree ends, no free ends (e.g. circular); nucleic acid
molecules that comprise DNA, RNA, or both; and other
varieties ol polynucleotides known 1n the art. One type of
vector 1s a “plasmid,” which refers to a circular double
stranded DNA loop into which additional DNA segments
can be serted, such as by standard molecular cloning
techniques. Another type of vector 1s a viral vector, wherein
virally-derived DNA or RNA sequences are present in the
vector for packaging into a virus (e.g. retroviruses, replica-
tion defective retroviruses, adenoviruses, replication defec-
tive adenoviruses, and adeno-associated viruses). Viral vec-
tors also include polynucleotides carried by a virus for
transiection mto a host cell. Certain vectors are capable of
autonomous replication i a host cell into which they are
introduced (e.g. bacterial vectors having a bacterial origin of
replication and episomal mammalian vectors). Other vectors
(e.g., non-¢pisomal mammalian vectors) are integrated into
the genome of a host cell upon 1ntroduction into the host cell,
and thereby are replicated along with the host genome.
Moreover, certain vectors are capable of directing the
expression ol genes to which they are operatively-linked.
Such vectors are referred to herein as “expression vectors.”
Common expression vectors of utility in recombinant DNA
techniques are often in the form of plasmids.

Recombinant expression vectors can comprise a nucleic
acid of the invention in a form suitable for expression of the
nucleic acid 1n a host cell, which means that the recombinant
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expression vectors include one or more regulatory elements,
which may be selected on the basis of the host cells to be
used for expression, that 1s operatively-linked to the nucleic
acid sequence to be expressed. Within a recombinant expres-
sion vector, “operably linked” 1s intended to mean that the
nucleotide sequence of interest 1s linked to the regulatory
clement(s) in a manner that allows for expression of the
nucleotide sequence (e.g. 1n an in vitro transcription/trans-
lation system or 1n a host cell when the vector 1s introduced
into the host cell).

The term “regulatory element” 1s intended to include
promoters, enhancers, internal ribosomal entry sites (IRES),
and other expression control elements (e.g. transcription
termination signals, such as polyadenylation signals and

poly-U sequences). Such regulatory elements are described,
for example, 1n Goeddel, GENE EXPRESSION TECH-

NOLOGY: METHODS IN ENZYMOLOGY 1835, Aca-
demic Press, San Diego, Calif. (1990). Regulatory elements
include those that direct constitutive expression of a nucleo-
tide sequence 1 many types ol host cell and those that direct
expression of the nucleotide sequence only in certain host
cells (e.g., tissue-specific regulatory sequences). A tissue-
specific promoter may direct expression primarily mn a
desired tissue of interest, such as muscle, neuron, bone, skin,
blood, specific organs (e.g. liver, pancreas), or particular cell
types (e.g. lymphocytes). Regulatory elements may also
direct expression 1n a temporal-dependent manner, such as
in a cell-cycle dependent or developmental stage-dependent
manner, which may or may not also be tissue or cell-type
specific. In some embodiments, a vector comprises one or
more pol III promoter (e.g. 1, 2, 3, 4, 3, or more pol III
promoters), one or more pol II promoters (e.g. 1, 2, 3, 4, 5,
or more pol 1I promoters), one or more pol I promoters (e.g.
1, 2, 3, 4, 5, or more pol 1 promoters), or combinations
thereol. Examples of pol III promoters include, but are not
limited to, U6 and H promoters. Examples of pol II pro-
moters 1nclude, but are not limited to, the retroviral Rous
sarcoma virus (RSV) LTR promoter (optionally with the
RSV enhancer), the cytomegalovirus (CMV) promoter (op-
tionally with the CMV enhancer) [see, ¢.g., Boshart et al,
Cell, 41:521-530 (1985)], the SV40 promoter, the dihydro-
folate reductase promoter, the 3-actin promoter, the phos-
phoglycerol kinase (PGK) promoter, and the EFla pro-
moter. Also encompassed by the term “regulatory element”™
are enhancer elements, such as WPRE; CMYV enhancers; the
R-UJS' segment in LTR of HILV-I (Mol. Cell. Biol., Vol.
(1), p. 466-472, 1988); SV40 enhancer; and the intron
sequence between exons 2 and 3 of rabbit 3-globin (Proc.
Natl. Acad. Sci. USA., Vol. 78(3), p. 1527-31, 1981). It will
be appreciated by those skilled in the art that the design of
the expression vector can depend on such factors as the
choice of the host cell to be transformed, the level of
expression desired, etc. A vector can be introduced into host
cells to thereby produce transcripts, proteins, or peptides,
including fusion proteins or peptides, encoded by nucleic
acids as described herein (e.g., clustered regularly inter-
spersed short palindromic repeats (CRISPR) transcripts,
proteins, enzymes, mutant forms thereol, fusion proteins
thereol, etc.).

Advantageous vectors include lentiviruses, adenoviruses
and adeno-associated viruses, and types of such vectors can
also be selected for targeting particular types of cells. In
aspects on the mvention the vectors may include but are not
limited to packaged vectors. In other aspects of the invention
a population of cells or host cells may be transduced with a
vector with a low multiplicity of infection (MOI). As used
herein the MOI 1s the ratio of infectious agents (e.g. phage
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or virus) to infection targets (e.g. cell). For example, when
referring to a group of cells 1noculated with infectious virus
particles, the multiplicity of infection or MOI 1s the ratio of
the number of infectious virus particles to the number of
target cells present 1n a defined space (e.g. a well 1n a plate).
In embodiments of the invention the cells are transduced
with an MOI of 0.3-0.75 or 0.3-0.5; 1 preferred embodi-
ments, the MOI has a value close to 0.4 and in more
preferred embodiments the MOI 1s 0.3. In aspects of the
invention the vector library of the mnvention may be applied
to a well of a plate to attain a transduction efliciency of at
least 20%, 30%, 40%, 50%, 60%, 70%, or 80%. In a
preferred embodiment the transduction efliciency 1s approxi-
mately 30% wherein 1t may be approximately 370-400 cells
per lentiCRISPR construct. In a more preferred embodi-
ment, 1t may be 400 cells per lentiCRISPR construct.

Vectors may be introduced and propagated 1n a prokary-
ote. In some embodiments, a prokaryote 1s used to amplity
copies ol a vector to be introduced into a eukaryotic cell or
as an mtermediate vector 1n the production of a vector to be
introduced into a eukaryotic cell (e.g. amplitying a plasmid
as part of a viral vector packaging system). In some embodi-
ments, a prokaryote 1s used to amplily copies of a vector and
express one or more nucleic acids, such as to provide a
source of one or more proteins for delivery to a host cell or
host organism. Expression of proteins in prokaryotes 1s most
often carried out in Escherichia coli with vectors containing
constitutive or inducible promoters directing the expression
of either fusion or non-fusion proteins. Fusion vectors add a
number of amino acids to a protein encoded therein, such as
to the amino terminus of the recombinant protein. Such
fusion vectors may serve one or more purposes, such as: (1)
to 1ncrease expression ol recombinant protemn; (1) to
increase the solubility of the recombinant protein; and (i11)
to aid 1n the purification of the recombinant protein by acting
as a ligand 1n athinity purification. Often, 1n fusion expres-
s10n vectors, a proteolytic cleavage site 1s introduced at the
junction of the fusion moiety and the recombinant protein to
enable separation of the recombinant protein from the fusion
moiety subsequent to purification of the fusion protein. Such
enzymes, and their cognate recognition sequences, include
Factor Xa, thrombin and enterokinase. Example fusion
expression vectors include pGEX (Pharmacia Biotech Inc;
Smith and Johnson, 1988. Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.) and pRIT5 (Pharmacia,
Piscataway, N.J.) that fuse glutathione S-transferase (GST),
maltose E binding protein, or protein A, respectively, to the
target recombinant protein.

Examples of suitable inducible non-fusion £. coli expres-
sion vectors include pIrc (Amrann et al., (1988) Gene
69:301-313) and pET 11d (Studier et al., GENE EXPRES-
SION TECHNOLOGY: METHODS IN ENZYMOLOGY
185, Academic Press, San Diego, Calif. (1990) 60-89).

In some embodiments, a vector 1s a yeast expression
vector. Examples of vectors for expression in yeast Saccha-
romyces cerevisiae include pYepSecl (Baldan, et al., 1987.

EMBOJ. 6: 229-234), pMFa (Kuijan and Herskowitz, 1982.
Cell 30: 933-943), pJRY88 (Schultz et al., 1987. Gene 54:
113-123), pYES2 (Invitrogen Corporation, San Diego,
Calif.), and picZ (InVitrogen Corp, San Diego, Calif.).

In some embodiments, a vector drives protein expression
in 1sect cells using baculovirus expression vectors. Bacu-
lovirus vectors available for expression of proteins 1n cul-
tured insect cells (e.g., SF9 cells) include the pAc series
(Smuith, et al., 1983. Mol. Cell. Biol. 3: 2156-21635) and the
pVL series (Lucknow and Summers, 1989. }Virology 170:
31-39).
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In some embodiments, a vector 1s capable of drniving
expression ol one or more sequences 1n mammalian cells
using a mammalian expression vector. Examples of mam-

malian expression vectors include pCDMS (Seed, 1987.
Nature 329: 840) and pMT2PC (Kaufman, et al., 1987.

EMBO J. 6: 187-193). When used 1n mammalian cells, the
expression vector’s control functions are typically provided
by one or more regulatory elements. For example, com-
monly used promoters are derived from polyoma, adenovi-
rus 2, cytomegalovirus, simian virus 40, and others dis-
closed herein and known in the art. For other suitable
expression systems for both prokaryotic and eukaryotic cells
see, e.g., Chapters 16 and 17 of Sambrook, et al., MOLECU-
LAR CLONING: A LABORATORY MANUAL. 2nd ed.,
Cold Spring Harbor Laboratory, Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, N.Y., 1989.

In some embodiments, the recombinant mammalian
expression vector 1s capable of directing expression of the
nucleic acid preferentially mn a particular cell type (e.g.,
tissue-specific regulatory elements are used to express the
nucleic acid). Tissue-specific regulatory elements are known
in the art. Non-limiting examples of suitable tissue-specific
promoters include the albumin promoter (liver-specific;
Pinkert, et al., 1987. Genes Dev. 1: 268-277), lymphoid-
specific promoters (Calame and Eaton, 1988. Adv. Immunol.
43: 235-2775), 1n particular promoters of T cell receptors
(Winoto and Baltimore, 1989. EMBO. J. 8: 729-733) and
immunoglobulins (Bane1j1, et al., 1983. Cell 33: 729-740;
Queen and Baltimore, 1983. Cell 33: 741-748), neuron-
specific promoters (e.g., the neurofilament promoter; Byrne
and Ruddle, 1989. Proc. Natl. Acad. Sci. USA 86: 5473-
34°7'7), pancreas-specific promoters (Edlund, et al., 1983.
Science 230: 912-916), and mammary gland-specific pro-
moters (e.g., milk whey promoter; U.S. Pat. No. 4,873,316
and European Application Publication No. 264,166). Devel-
opmentally-regulated promoters are also encompassed, e.g.,
the murine hox promoters (Kessel and Gruss, 1990. Science
249: 374-379) and the a-fetoprotein promoter (Campes and
Tilghman, 1989. Genes Dev. 3: 537-546).

In some embodiments, a regulatory element 1s operably
linked to one or more elements of a CRISPR system so as
to drive expression of the one or more elements of the
CRISPR system. In general, CRISPRs (Clustered Regularly
Interspaced Short Palindromic Repeats), also known as
SPIDRs (SPacer Interspersed Direct Repeats), constitute a
family of DNA loci that are usually specific to a particular
bacterial species. The CRISPR locus comprises a distinct

class of interspersed short sequence repeats (SSRs) that were
recognized 1n E. coli (Ishino et al., J. Bacteriol., 169:5429-

5433 [1987]; and Nakata et al., J. Bacteriol., 171:3553-3556
[1989]), and associated genes. Similar interspersed SSRs
have been 1dentified 1n Haloferax mediterranei, Streptococ-

cus pyogenes, Anabaena, and Mycobacterium tuberculosis
(See, Groenen et al., Mol. Microbiol., 10:1057-1065 [1993];

Hoe et al., Emerg. Infect. Dis., 5:254-263 [1999]; Masepohl
et al., Biochim. Biophys. Acta 1307:26-30 [1996]; and
Mojica et al., Mol. Microbiol., 17:85-93 [1995]). The
CRISPR loci typically differ from other SSRs by the struc-
ture of the repeats, which have been termed short regularly
spaced repeats (SRSRs) (Janssen et al., OMICS J. Integ.
Biol., 6:23-33 [2002]; and Mojica et al., Mol. Microbiol.,
36:244-246 [2000]). In general, the repeats are short ele-
ments that occur in clusters that are regularly spaced by
unique ntervening sequences with a substantially constant
length (Mojica et al., [2000], supra). Although the repeat
sequences are highly conserved between strains, the number
of interspersed repeats and the sequences of the spacer
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regions typically differ from strain to strain (van Embden et
al., J. Bacteriol., 182:2393-2401 [2000]). CRISPR loc1 have
been 1dentified 1 more than 40 prokaryotes (See e.g., Jansen
et al., Mol. Microbiol., 43:1565-1575 [2002]; and Mojica et
al., [2005]) including, but not limited to Aeropyrum, Pyro-
baculum, Silfolobus, Archaeoglobus, Haloarcula, Methano-
bacterium, Methanococcus, Methanosarcina, Methanopy-
Fus, Pyrococcus, Picrophilus, Thermoplasma,
Corynebacterium, Mycobacterium, Streptomyces, Agifex,
Porphyromonas, Chlorobium, Thermus, Bacillus, Listeria,
Staphviococcus, Clostridium, Thermoanaervobacter, Myco-
plasma, Fusobacterium, Azoarcus, Chromobacterium, Neis-
seria, Nitrosomonas, Desulfovibrio, Geobacter, Myxococ-
cus, Campvlobacter, Wolinella, Acinetobacter, Erwinia,
Escherichia, Legionella, Methylococcus, Pasteurella, Pho-
tobacterium, Salmonella, Xanthomonas, Yersinia,
Treponema, and Thermotoga.

In aspects of the invention functional genomics screens
allow for discovery of novel human and mammalian thera-
peutic applications, including the discovery of novel drugs,
for, e.g., treatment of genetic diseases, cancer, fungal, pro-
tozoal, bacterial, and wviral infection, i1schemia, vascular
disease, arthritis, immunological disorders, etc. As used
herein assay systems may be used for a readout of cell state
or changes 1n phenotype include, e.g., transformation assays,
e.g., changes 1n proliferation, anchorage dependence,
growth factor dependence, foci formation, growth in soft
agar, tumor proliferation 1n nude mice, and tumor vascular-
1zation 1n nude mice apoptosis assays, €.g., DNA laddering
and cell death, expression of genes involved 1n apoptosis;
signal transduction assays, e.g., changes in 1intracellular
calcium, cAMP, cGMP, IP3, changes 1n hormone and neu-
rotransmitter release; receptor assays, €.g., estrogen receptor
and cell growth; growth factor assays, e¢.g., EPO, hypoxia
and erythrocyte colony forming units assays; enzyme prod-
uct assays, e.g., FAD-2 induced o1l desaturation; transcrip-
tion assays, €.g., reporter gene assays; and protein produc-
tion assays, €.g., VEGF ELISAs.

Aspects of the ivention relate to modulation of gene
expression and modulation can be assayed by determining
any parameter that 1s indirectly or directly aflected by the
expression of the target candidate gene. Such parameters
include, e.g., changes 1n RNA or protein levels, changes 1n
protein activity, changes 1n product levels, changes in down-
stream gene expression, changes in reporter gene transcrip-
tion (luciferase, CAT, .beta.-galactosidase, .beta.-glucuroni-
dase, GFP (see, e.g., Mistili & Spector, Nature
Biotechnology 15:961-964 (1997)); changes in signal trans-
duction, phosphorylation and dephosphorylation, receptor-
ligand interactions, second messenger concentrations (e.g.,
cGMP, cAMP, IP3, and Ca*), cell growth, and neovascu-
larization, etc., as described herein. These assays can be 1n
vitro, 1n vivo, and ex vivo. Such functional effects can be
measured by any means known to those skilled in the art,
¢.g., measurement of RN A or protein levels, measurement of
RINA stability, identification of downstream or reporter gene
expression, €.g., via chemiluminescence, fluorescence, calo-
rimetric reactions, antibody binding, inducible markers,
ligand binding assays; changes in intracellular second mes-
sengers such as ¢cGMP and 1nositol triphosphate (IP3);
changes 1n intracellular calcium levels; cytokine release, and
the like, as described herein.

Several methods of DNA extraction and analysis are
encompassed in the methods of the invention. As used herein
“deep sequencing” indicates that the depth of the process 1s
many times larger than the length of the sequence under
study. Deep sequencing 1s encompassed in next generation
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sequencing methods which include but are not limited to
single molecule real-time sequencing (Pacific Bio), Ion
semiconductor (Ion torrent sequencing), Pyrosequencing
(454), Sequencing by synthesis (Illumina), Sequencing by
ligations (SOL1D sequencing) and Chain termination
(Sanger sequencing).

To determine the level of gene expression modulated by
the CRISPR-Cas system, cells contacted with the CRISPR -
Cas system are compared to control cells, e.g., without the
CRISPR-Cas system or with a non-specific CRISPR-Cas
system, to examine the extent of inhibition or activation.
Control samples may be assigned a relative gene expression
activity value of 100%. Modulation/inhibition of gene
expression 1s achieved when the gene expression activity
value relative to the control 1s about 80%, pretferably 50%
(1.e., 0.5 times the activity of the control), more preferably
25%, more preferably 5-0/0. Modulation/activation of gene
expression 1s achieved when the gene expression activity
value relative to the control 1s 110%, more preferably 150%

(1.e., 1.5 times the activity of the control), more preferably
200-500%, more preferably 1000-2000% or more.

In general, “CRISPR system” or the “CRISPR-Cas sys-
tem™ refers collectively to transcripts and other elements
involved in the expression of or directing the activity of
CRISPR-associated (“Cas™) genes, including sequences
encoding a Cas gene, a tracr (trans-activating CRISPR)
sequence (e.g. tracrRNA or an active partial tracrRNA), a
tracr-mate sequence (encompassing a “direct repeat” and a
tracrRNA-processed partial direct repeat in the context of an
endogenous CRISPR system), a guide sequence (also
referred to as a “spacer” in the context of an endogenous
CRISPR system), or other sequences and transcripts from a
CRISPR locus. In some embodiments, one or more elements
of a CRISPR system is derived from a type I, type 11, or type
III CRISPR system. In some embedlments,, one or more
clements of a CRISPR system 1s derived from a particular
organism comprising an endogenous CRISPR system, such
as Streptococcus pvogenes. In general, a CRISPR system 1s
characterized by elements that promote the formation of a
CRISPR complex at the site of a target sequence (also
referred to as a protospacer 1n the context of an endogenous
CRISPR system). In the context of formation of a CRISPR
complex, “target sequence” refers to a sequence to which a
guide sequence 1s designed to have complementarity, where
hybridization between a target sequence and a guide
sequence promotes the formation of a CRISPR complex.
Full complementarity 1s not necessarily required, provided
there 1s sullicient complementarity to cause hybridization
and promote formation of a CRISPR complex. A target
sequence may comprise any polynucleotide, such as DNA or
RNA polynucleotides. In some embodiments, a target
sequence 1s located 1n the nucleus or cytoplasm of a cell. In
some embodiments, the target sequence may be within an
organelle of a eukaryotic cell, for example, mitochondrion
or chloroplast. A sequence or template that may be used for
recombination into the targeted locus comprising the target
sequences 1s referred to as an “editing template” r “editing
polynucleotide™ or “editing sequence”. In aspects of the
invention, an exegeneus template polynucleotide may be
referred to as an editing template. In an aspect of the
invention the recombination 1s homologous recombination.

Typically, 1n the context of an endogenous CRISPR
system, formation of a CRISPR complex (comprising a
guide sequence hybridized to a target sequence and com-
plexed with one or more Cas proteins) results in cleavage of
one or both strands in or near (e.g. withun 1, 2, 3, 4, 5, 6, 7,
8,9,10, 20, 50, or more base pairs from) the target sequence.
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Without wishing to be bound by theory, the tracr sequence,
which may comprise or consist of all or a portion of a
wild-type tracr sequence (e.g. about or more than about 20,
26, 32, 45, 48, 54, 63, 67, 85, or more nucleotides of a
wild-type tracr sequence), may also form part of a CRISPR
complex, such as by hybridization along at least a portion of
the tracr sequence to all or a portion of a tracr mate sequence
that 1s operably linked to the guide sequence. In some
embodiments, the tracr sequence has suili

icient complemen-
tarity to a tracr mate sequence to hybridize and participate in
formation of a CRISPR complex. As with the target
sequence, 1t 1s believed that complete complementarity 1s
not needed, provided there 1s suflicient to be functional. In
some embodiments, the tracr sequence has at least 50%,
60%, 70%, 80%, 90%, 95% or 99% of sequence comple-
mentarity along the length of the tracr mate sequence when
optimally aligned. In some embodiments, one or more
vectors driving expression of one or more elements of a
CRISPR system are introduced into a host cell such that
expression of the elements of the CRISPR system direct
formation of a CRISPR complex at one or more target sites.
For example, a Cas enzyme, a guide sequence linked to a
tracr-mate sequence, and a tracr sequence could each be
operably linked to separate regulatory elements on separate
vectors. Alternatively, two or more of the elements
expressed from the same or different regulatory elements,
may be combined in a single vector, with one or more
additional vectors providing any components of the CRISPR
system not included in the first vector. CRISPR system
clements that are combined 1n a single vector may be
arranged 1n any suitable orientation, such as one clement
located 3' with respect to (“upstream™ of) or 3' with respect
to (“downstream” of) a second element. The coding
sequence of one element may be located on the same or
opposite strand of the coding sequence of a second element,
and oriented 1n the same or opposite direction. In some
embodiments, a single promoter drives expression ol a
transcript encoding a CRISPR enzyme and one or more of
the guide sequence, tracr mate sequence (optionally oper-
ably linked to the guide sequence), and a tracr sequence
embedded within one or more 1ntron sequences (e.g. each 1n
a diflerent intron, two or more 1n at least one intron, or all
in a single intron). In some embodiments, the CRISPR
enzyme, guide sequence, tracr mate sequence, and tracr
sequence are operably linked to and expressed from the
same promodter.

In some embodiments, a vector comprises one or more
insertion sites, such as a restriction endonuclease recogni-
tion sequence (also referred to as a “cloning site”). In some
embodiments, one or more 1sertion sites (€.g. about or more
than about 1, 2,3, 4, 5,6,7, 8,9, 10, or more 1nsertion sites)
are located upstream and/or downstream of one or more
sequence elements of one or more vectors. In some embodi-
ments, a vector comprises an insertion site upstream of a
tracr mate sequence, and optionally downstream of a regu-
latory element operably linked to the tracr mate sequence,
such that following insertion of a guide sequence into the
insertion site and upon expression the guide sequence directs
sequence-speciiic binding of a CRISPR complex to a target
sequence 1n a cukaryotic cell. In some embodiments, a
vector comprises two or more insertion sites, each insertion
site being located between two tracr mate sequences so as to
allow 1nsertion of a guide sequence at each site. In such an
arrangement, the two or more guide sequences may com-
prise two or more copies of a single guide sequence, two or
more different guide sequences, or combinations of these.

When multiple different guide sequences are used, a single
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expression construct may be used to target CRISPR activity
to multiple different, corresponding target sequences within
a cell. For example, a single vector may comprise about or
more than about 1, 2, 3,4, 5, 6,7, 8,9, 10, 15, 20, or more
guide sequences. In some embodiments, about or more than
about 1, 2, 3, 4, 5, 6, 7, 8 9, 10, or more such guide-
sequence-containing vectors may be provided, and option-
ally delivered to a cell.

In some embodiments, a vector comprises a regulatory
clement operably linked to an enzyme-coding sequence
encoding a CRISPR enzyme, such as a Cas protein. Non-
limiting examples of Cas proteins include Casl, CaslB,
Cas2, Cas3, Cas4, CasS, Cas6, Cas7/, Cas8, Cas9 (also
known as Csnl and Csx12), Cas10, Csy1, Csy2, Csy3, Csel,
Cse2, Cscl, Csc2, Csa), Csn2, Csm2, Csm3, Csm4, Csm?J,
Csm6, Cmrl, Cmr3, Cmr4, Cmr5, Cmr6, Csb1, Csb2, Csb3,
Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csx1, Csx13,
Csil, Csi2, Csi3, Csi4, homologs thereof, or modified
versions thereol. These enzymes are known; for example,
the amino acid sequence of S. pyogenes Cas9 protein may be
found 1n the SwissProt database under accession number
Q997W?2. In some embodiments, the unmodified CRISPR
enzyme has DNA cleavage activity, such as Cas9. In some
embodiments the CRISPR enzyme 1s Cas9, and may be Cas9
from S. pyogenes or S. preumoniae. In some embodiments,
the CRISPR enzyme directs cleavage of one or both strands
at the location of a target sequence, such as within the target
sequence and/or within the complement of the target
sequence. In some embodiments, the CRISPR enzyme
directs cleavage of one or both strands within about 1, 2, 3,
4,5,6,7,8,9,10,13, 20, 25, 50, 100, 200, 500, or more base
pairs from the first or last nucleotide of a target sequence. In
some embodiments, a vector encodes a CRISPR enzyme
that 1s mutated to with respect to a corresponding wild-type
enzyme such that the mutated CRISPR enzyme lacks the
ability to cleave one or both strands of a target polynucle-
otide containing a target sequence. For example, an aspar-
tate-to-alanine substitution (D10A) 1 the RuvC I catalytic
domain of Cas9 from S. pvogenes converts Cas9 from a
nuclease that cleaves both strands to a nickase (cleaves a
single strand). Other examples of mutations that render Cas9
a nickase include, without limitation, H840A, N854A, and
N863A. In aspects of the mnvention, nickases may be used
for genome editing via homologous recombination.

In some embodiments, a Cas9 nickase may be used in
combination with guide sequence(s), e.g., two guide
sequences, which target respectively sense and antisense
strands of the DNA target. This combination allows both
strands to be nicked and used to induce NHEIJ. Applicants
have demonstrated (data not shown) the eflicacy of two
nickase targets (1.e., sgRNAs targeted at the same location
but to different strands of DNA) in inducing mutagenic
NHEIJ. A single nickase (Cas9-D10A with a single sgRNA)
1s unable to induce NHEJ and create indels but Applicants
have shown that double nickase (Cas9-D10A and two sgR-
NAs targeted to different strands at the same location) can do
s0 1n human embryonic stem cells (hESCs). The efliciency
1s about 50% of nuclease (1.e., regular Cas9 without D10
mutation) in hESCs.

As a further example, two or more catalytic domains of Cas9
(RuvC I, RuvC II, and RuvC III) may be mutated to produce
a mutated Cas9 substantially lacking all DNA cleavage
activity. In some embodiments, a D10A mutation 1s com-
bined with one or more of HR40A, N854A, or NS63A
mutations to produce a Cas9 enzyme substantially lacking
all DNA cleavage activity. In some embodiments, a CRISPR
enzyme 1s considered to substantially lack all DNA cleavage
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activity when the DNA cleavage activity of the mutated
enzyme 1s less than about 25%, 10%, 5%, 1%, 0.1%, 0.01%,
or lower with respect to 1ts non-mutated form. Other muta-
tions may be useful; where the Cas9 or other CRISPR
enzyme 15 from a species other than S. pyvogenes, mutations
in corresponding amino acids may be made to achieve
similar eflects.

In some embodiments, an enzyme coding sequence
encoding a CRISPR enzyme 1s codon optimized for expres-
s1on 1n particular cells, such as eukaryotic cells. The eukary-
otic cells may be those of or derived from a particular
organism, such as a mammal, including but not limited to
human, mouse, rat, rabbit, dog, or non-human primate. In
general, codon optimization refers to a process of moditying
a nucleic acid sequence for enhanced expression 1n the host
cells of interest by replacing at least one codon (e.g. about
or more than about 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more
codons) of the native sequence with codons that are more
frequently or most frequently used in the genes of that host
cell while maintaining the native amino acid sequence.
Various species exhibit particular bias for certain codons of
a particular amino acid. Codon bias (differences 1n codon
usage between organisms) often correlates with the efli-
ciency of translation of messenger RNA (mRNA), which 1s
in turn believed to be dependent on, among other things, the
properties ol the codons being translated and the availability
of particular transter RNA (tRNA) molecules. The predomi-
nance of selected tRNAs 1n a cell 1s generally a reflection of
the codons used most frequently in peptide synthesis.
Accordingly, genes can be tailored for optimal gene expres-
sion 11 a given organism based on codon optimization.
Codon usage tables are readily available, for example, at the
“Codon Usage Database™, and these tables can be adapted 1n
a number of ways. See Nakamura, Y., et al. “Codon usage
tabulated from the international DNA sequence databases:
status for the year 2000 Nucl. Acids Res. 28:292 (2000).
Computer algorithms for codon optimizing a particular
sequence for expression i1n a particular host cell are also
available, such as Gene Forge (Aptagen; Jacobus, Pa.), are
also available. In some embodiments, one or more codons
(e.g. 1,2,3,4,5,10, 15, 20, 25, 50, or more, or all codons)
in a sequence encoding a CRISPR enzyme correspond to the
most frequently used codon for a particular amino acid.

In general, a guide sequence 1s any polynucleotide
sequence having suflicient complementarity with a target
polynucleotide sequence to hybridize with the {target
sequence and direct sequence-specific binding of a CRISPR
complex to the target sequence. In some embodiments, the
degree of complementarity between a guide sequence and 1ts
corresponding target sequence, when optimally aligned
using a suitable alignment algorithm, 1s about or more than
about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%.,
or more. Optimal alignment may be determined with the use
of any suitable algorithm for aligning sequences, non-
limiting example of which include the Smith-Waterman
algorithm, the Needleman-Wunsch algorithm, algorithms
based on the Burrows-Wheeler Transform (e.g. the Burrows
Wheeler Aligner), ClustalW, Clustal X, BLAT, Novoalign
(Novocrait Technologies, ELAND (Illumina, San Diego,
Calif.), SOAP (available at soap.genomics.org.cn), and Magq
(available at mag.sourceforge.net). In some embodiments, a
guide sequence 1s about or more than about 5, 10, 11, 12, 13,
14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 35, 40, 45, 50,735, or more nucleotides 1n length. In some
embodiments, a guide sequence 1s less than about 75, 50, 45,
40, 35,30, 25, 20, 15, 12, or fewer nucleotides 1n length. The

ability of a guide sequence to direct sequence-specific
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binding of a CRISPR complex to a target sequence may be
assessed by any suitable assay. For example, the components
of a CRISPR system suflicient to form a CRISPR complex,
including the guide sequence to be tested, may be provided
to a host cell having the corresponding target sequence, such
as by transfection with vectors encoding the components of
the CRISPR sequence, followed by an assessment of pref-
erential cleavage within the target sequence, such as by
Surveyor assay as described herein. Similarly, cleavage of a
target polynucleotide sequence may be evaluated 1n a test
tube by providing the target sequence, components of a
CRISPR complex, including the guide sequence to be tested
and a control guide sequence different from the test guide
sequence, and comparing binding or rate of cleavage at the
target sequence between the test and control guide sequence
reactions. Other assays are possible, and will occur to those
skilled 1n the art.

A guide sequence may be selected to target any target
sequence. In some embodiments, the target sequence 1s a
sequence within a genome of a cell. Exemplary target
sequences 1nclude those that are unique 1 the target
genome. For example, for the S. pyogenes Cas9, a unique
target sequence 1n a genome may include a Cas9 target site

of the form GG (SEQ
ID NO: 1) where NNNNNNNNNNNNNGG (SEQ ID NO:
2y (N 1s A, G, T, or C; and N at position 21 1n SEQ ID NO:
1 and position 13 1s SEQ ID NO: 2 can be any nucleotide)
has a single occurrence in the genome. A unique target
sequence 1n a genome may include an S. pyvogenes Cas9
target s1te of the form

GG (SEQ ID NO: 3)
where NNNNNNNNNNNNGG (SEQ ID NO: 4) (N 1s A, G,
T, or C; and N at position 21 1 SEQ ID NO: 3 and position
13 1 SEQ ID NO: 4 can be any nucleotide) has a single
occurrence in the genome. For the S. thermophilus CRISPR1
Cas9, a unique target sequence 1n a genome may include a

Cas9 target site of the form
AGAAWAGAAW

(SEQ ID NO: 5) where NNNNNNNNNNNNNNAGAAW
(SEQ ID NO: 6) (N 1s A, G, T, or C; N at positions 21-22
in SEQ ID NO: 5 and positions 13-14 1 SEQ ID NO: 6 can
be any nucleotide; and W 1s A or T) has a single occurrence
in the genome. A unique target sequence 1n a genome may
include an S. thermophilus CRISPR1 Cas9 target site of the
form NNNNNNNNNNNNNNNNNNNNNAGAAW (SEQ
ID NO: 7) where NNNNNNNNNNNNNAGAAW (SEQ ID
NO: 8) N1s A, G, T, or C; N at positions 21-22 1n SEQ ID
NO: 7 and positions 12-13 1 SEQ ID NO: 8 can be any
nucleotide; and W 1s A or T) has a single occurrence in the
genome. For the S. pyogenes Cas9, a unique target sequence

in a genome may include a Cas9 target site of the form
GGNG (SEQ ID NO:

9) where NNNNNNNNNNNNNGGNG (SEQ ID NO: 10)
(N 1s A, G, T, or C; and N at positions 21 and 24 1n SEQ ID
NO: 11 and positions 12 and 15 mn SEQ ID NO: 12 can be
any nucleotide) has a single occurrence 1n the genome. A
unique target sequence in a genome may include an S.

pyogenes Cas9 target site of  the form
GGNG (SEQ ID NO:

11) where NNNNNNNNNNNNGGNG (SEQ ID NO: 12)
(Ni1s A, G, T, or C; and N at positions 21 and 24 in SEQ ID
NO: 11 and positions 12 and 15 in SEQ ID NO: 12 can be
any nucleotide) has a single occurrence in the genome. In
cach of SEQ ID NOS: 1, 5, and 9, the “N” at positions 1-8
may be A, G, T, or C, and 1n each of SEQ ID NOS: 3,7, and
11, the “N”” at positions 1-9 may be A, G, T, or C, and need
not be considered 1n 1dentifying a sequence as unique.
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In some embodiments, a guide sequence 1s selected to

reduce the degree of secondary structure within the guide
sequence. Secondary structure may be determined by any
suitable polynucleotide folding algorithm. Some programs
are based on calculating the minimal Gibbs free energy. An
example of one such algorithm 1s mFold, as described by
Zuker and Stiegler (Nucleic Acids Res. 9 (1981), 133-148).
Another example folding algorithm 1s the online webserver
RNAIfold, developed at Institute for Theoretical Chemuistry
at the University of Vienna, using the centroid structure
prediction algorithm (see e.g. A. R. Gruber et al., 2008, Cel/
106(1): 23-24; and P A Carr and G M Church, 2009, Nature
Biotechology 277(12): 1131-62). Further algorithms may be
found 1 U.S. application Ser. No. 61/836,080; Broad Ret-

erence BI-2013/004A); incorporated herein by reference.

In general, a tracr mate sequence includes any sequence
that has suflicient complementarity with a tracr sequence to
promote one or more of: (1) excision of a guide sequence
flanked by tracr mate sequences 1n a cell containing the
corresponding tracr sequence; and (2) formation of a
CRISPR complex at a target sequence, wherein the CRISPR
complex comprises the tracr mate sequence hybridized to
the tracr sequence. In general, degree of complementarity 1s
with reference to the optimal alignment of the tracr mate
sequence and tracr sequence, along the length of the shorter
of the two sequences. Optimal alignment may be determined
by any suitable alignment algorithm, and may further
account for secondary structures, such as self-complemen-
tarity within either the tracr sequence or tracr mate sequence.

In some embodiments, the degree of complementarity
between the tracr sequence and tracr mate sequence along
the length of the shorter of the two when optimally aligned
1s about or more than about 25%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 93%, 97.5%, 99%, or higher. In some
embodiments, the tracr sequence 1s about or more than about
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23,
30, 40, 30, or more nucleotides 1n length. In some embodi-
ments, the tracr sequence and tracr mate sequence are
contained within a single transcript, such that hybridization
between the two produces a transcript having a secondary
structure, such as a hairpin. Preferred loop forming
sequences for use 1n hairpin structures are four nucleotides
in length, and most preferably have the sequence GAAA.
However, longer or shorter loop sequences may be used, as
may alternative sequences. The sequences preferably
include a nucleotide triplet (for example, AAA), and an
additional nucleotide (for example C or G). Examples of
loop forming sequences iclude CAAA and AAAG. In an
embodiment of the invention, the transcript or transcribed
polynucleotide sequence has at least two or more hairpins.

In preferred embodiments, the transcript has two, three, four
or five hairpins. In a further embodiment of the invention,
the transcript has at most five hairpins. In some embodi-
ments, the single transcript further includes a transcription
termination sequence; preferably this 1s a polyT sequence,
for example six T nucleotides. Further non-limiting
examples ol single polynucleotides comprising a guide
sequence, a tracr mate sequence, and a tracr sequence are as
follows (listed 5' to 3'), where “N” represents a base of a
guide sequence, the first block of lower case letters represent
the tracr mate sequence, and the second block of lower case
letters represent the tracr sequence, and the final poly-T
sequence represents the transcription terminator:
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(1)

(SEQ ID NO: 13)
NNNNNNNNNNNNNNNNNNNNgtttttgtactctcaagatttaGAfiAtaaa
tcttgcagaagctacaaagataaggcecttcatgcecgaaatcaacacecectgt
cattttatggcagggtgttttegttatttaaTTTTTT,;

(2)

(SEQ ID NO: 14)
NNNNNNNNNNNNNNNNNNNNgtttttgtactctcaGAAATLgcagaagcta
caaagataaggcttcatgccgaaatcaacacccectgtcattttatggcagy
gtgttttegttatttaaTTTTTT;

(3)

(SEQ ID NO: 15)
NNNNNNNNNNNNNNNNNNNNgtttttgtactctcaGaAAtgcagaagcta
caaagataaggcttcatgccgaaatcaacacccectgtcattttatggcagy
gtgtTTTTTT;

(4)

(SEQ ID NO: 16)
NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAAtagcaagttaaaat
aaggctagtccgttatcaacttgaaaaagtggcaccgagteggtgeTTTT
TT;

(5)

(SEQ ID NO: 17)
NNNNNNNNNNNNNNNNNNNNgttttagagctaGAAATAGcaagttaaaat
aaggctagtccgttatcaacttgaaaaagtgTTTTTTIT;
and

(6)

(SEQ ID NO: 18)
NNNNNNNNNNNNNNNNNNNNgttttagagctagAAATAGCcaagttaaaat
aaggctagtccecgttatcaTTTTT.

In some embodiments, sequences (1) to (3) are used 1n

combination with Cas9 from S. thermophilus CRISPR1. In
some embodiments, sequences (4) to (6) are used 1n com-
bination with Cas9 from S. pyogenes. In some embodiments,
the tracr sequence 1s a separate transcript from a transcript
comprising the tracr mate sequence.

In some embodiments, the CRISPR enzyme 1s part of a
fusion protein comprising one or more heterologous protein
domains (e.g. about or more than about 1, 2,3, 4, 5, 6,7, 8,
9, 10, or more domains 1n addition to the CRISPR enzyme).
A CRISPR enzyme fusion protein may comprise any addi-
tional protein sequence, and optionally a linker sequence
between any two domains. Examples of protein domains
that may be fused to a CRISPR enzyme include, without
limitation, epitope tags, reporter gene sequences, and protein
domains having one or more of the following activities:
methylase activity, demethylase activity, transcription acti-
vation activity, transcription repression activity, transcrip-
tion release factor activity, histone modification activity,
RNA cleavage activity and nucleic acid binding activity.
Non-limiting examples of epitope tags include histidine
(His) tags, V5 tags, FLAG tags, influenza hemagglutinin
(HA) tags, Myc tags, VSV-G tags, and thioredoxin (1rx)
tags. Examples of reporter genes include, but are not limited
to, glutathione-S-transterase (GST), horseradish peroxidase
(HRP), chloramphenicol acetyltransierase (CAT) beta-ga-
lactosidase, beta-glucuronidase, luciferase, green fluores-
cent protein (GFP), HcRed, DsRed, cyan fluorescent protein
(CFP), yellow fluorescent protein (YFP), and autofluores-
cent proteins including blue fluorescent protein (BFP). A
CRISPR enzyme may be fused to a gene sequence encoding
a protein or a fragment of a protein that bind DNA molecules

or bind other cellular molecules, including but not limited to
maltose binding protein (MBP), S-tag, Lex A DNA binding,

domain (DBD) fusions, GAL4 DNA binding domain
fusions, and herpes simplex virus (HSV) VP16 proten
tusions. Additional domains that may form part of a fusion
protein comprising a CRISPR enzyme are described in
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US201100359502, incorporated herein by reference. In some
embodiments, a tagged CRISPR enzyme 1s used to identity
the location of a target sequence.

In an aspect of the invention, a reporter gene which
includes but 1s not limited to glutathione-S-transferase
(GST), horseradish peroxidase (HRP), chloramphenicol
acetyltransierase (CAT) beta-galactosidase, beta-glucuroni-
dase, luciferase, green fluorescent protein (GFP), HcRed,
DsRed, cyan fluorescent protein (CEFP), yellow fluorescent
protein (YFP), and autofluorescent proteins including blue
fluorescent protein (BFP), may be introduced into a cell to
encode a gene product which serves as a marker by which
to measure the alteration or modification of expression of the
gene product. In a further embodiment of the invention, the
DNA molecule encoding the gene product may be intro-
duced 1nto the cell via a vector. In a preferred embodiment
of the mnvention the gene product 1s luciferase. In a further
embodiment of the invention the expression of the gene
product 1s decreased.

In one aspect, the invention provides kits containing any
one or more of the elements disclosed 1n the above methods
and compositions. In some embodiments, the kit comprises
a vector system and instructions for using the kit. In some
embodiments, the vector system comprises (a) a first regu-
latory element operably linked to a tracr mate sequence and
one or more insertion sites for nserting a guide sequence
upstream of the tracr mate sequence, wherein when
expressed, the guide sequence directs sequence-specific
binding of a CRISPR complex to a target sequence i1n a
cukaryotic cell, wherein the CRISPR complex comprises a
CRISPR enzyme complexed with (1) the guide sequence
that 1s hybridized to the target sequence, and (2) the tracr
mate sequence that 1s hybridized to the tracr sequence;
and/or (b) a second regulatory element operably linked to an
enzyme-coding sequence encoding said CRISPR enzyme
comprising a nuclear localization sequence. Elements may
be provided individually or in combinations, and may be
provided 1n any suitable container, such as a vial, a bottle, or
a tube. In some embodiments, the kit includes instructions in
one or more languages, for example 1n more than one
language.

In some embodiments, a kit comprises one or more
reagents for use in a process utilizing one or more of the
clements described herein. Reagents may be provided 1n any
suitable container. For example, a kit may provide one or
more reaction or storage builers. Reagents may be provided
in a form that 1s usable 1n a particular assay, or 1n a form that
requires addition of one or more other components before
use (e.g. in concentrate or lyophilized form). A bufler can be
any bufler, including but not limited to a sodium carbonate
bufter, a sodium bicarbonate bufler, a borate bufler, a Tris
buffer, a MOPS buffer, a HEPES buffer, and combinations
thereof. In some embodiments, the bufler 1s alkaline. In
some embodiments, the bufler has a pH from about 7 to
about 10. In some embodiments, the kit comprises one or
more oligonucleotides corresponding to a guide sequence
for insertion i1nto a vector so as to operably link the guide
sequence and a regulatory element. In some embodiments,
the kit comprises a homologous recombination template
polynucleotide.

In one aspect, the mvention provides methods for using
one or more elements of a CRISPR system. The CRISPR
complex of the invention provides an eflective means for
moditying a target polynucleotide. The CRISPR complex of
the mvention has a wide variety of utility including modi-
tying (e.g., deleting, inserting, translocating, inactivating,
activating) a target polynucleotide 1n a multiplicity of cell
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types. As such the CRISPR complex of the invention has a
broad spectrum of applications 1n, e.g., gene therapy, drug
screening, disease diagnosis, and prognosis. An exemplary
CRISPR complex comprises a CRISPR enzyme complexed
with a guide sequence hybridized to a target sequence within
the target polynucleotide. The guide sequence 1s linked to a
tracr mate sequence, which in turn hybridizes to a tracr
sequence.

The target polynucleotide of a CRISPR complex can be
any polynucleotide endogenous or exogenous to the eukary-
otic cell. For example, the target polynucleotide can be a
polynucleotide residing 1n the nucleus of the eukaryotic cell.
The target polynucleotide can be a sequence coding a gene
product (e.g., a protein) or a non-coding sequence (e.g., a
regulatory polynucleotide or a junk DNA). Without wishing
to be bound by theory, it 1s believed that the target sequence
should be associated with a PAM (protospacer adjacent
motil); that 1s, a short sequence recognized by the CRISPR
complex. The precise sequence and length requirements for
the PAM difler depending on the CRISPR enzyme used, but
PAMs are typically 2-5 base pair sequences adjacent the
protospacer (that 1s, the target sequence) Examples of PAM
sequences are given in the examples section below, and the
skilled person will be able to identily further PAM
sequences for use with a given CRISPR enzyme.

The target polynucleotide of a CRISPR complex may
include a number of disease-associated genes and polynucle-
otides as well as signaling biochemical pathway-associated

genes and polynucleotides as listed in U.S. provisional
patent applications 61/736,527 and 61/748,427 having

Broad reference BI-2011/008/WSGR Docket No. 44063-
701.101 and BI-2011/008/WSGR Docket No. 44063-
701.102 respectively, both entitled SYSTEMS METHODS
AND COMPOSITIONS FOR SEQUENCE MANIPULA-
TION filed on Dec. 12, 2012 and Jan. 2, 2013, respectively,
the contents of all of which are herein incorporated by
reference in their entirety. The target polynucleotide of a
CRISPR complex can be a gene of previously unknown
function wherein 1ts presence or absence 1 a screen (1nte-
grated barcode of the sgRNA) reveals details about its
function. The target polynucleotide of a CRISPR complex
may also be a gene whose interaction with the screening
agent (eg. drug or other selection agent) 1s discovered
through 1ts presence or absence in cells (barcode of the
sgRNA) 1n the screen. Hence, 1n an aspect of the imnvention
new drugs or pharmaceutical compositions may be tested for
performance against all possible genetic KOs (or a subset of
possible KOs; for example, genes associated with a particu-
lar enzymatic pathway) to understand how different organ-
isms, €.g., humans (who carry diflerent genetic KOs) might
react to the drug and 1n which genetic background the drug
might work better or worse.

Examples of genes and genomic loci that may be targeted
by the CRISPR-Cas system guide RNA sequences described
in Genetic screens in human cells using the CRISPR-Cas9
system. Wang T, Wei1 ] I, Sabatin1 D M, Lander E S. Science.
2014 Jan. 3; 343(6166):80-4. do1: 10.1126/science.1246981.
Epub 2013 Dec. 12 and supplemental material; and 1n
(Genome-scale CRISPR-Cas9 knockout screening in human
cells. Shalem O, Sanjana N E, Hartenian E, Shi X, Scott D
A, Mikkelsen T S, Heckl D, Ebert B L., Root D E, Doench
I G, Zhang F. Science. 2014 Jan. 3; 343(6166):84-7. doa:
10.1126/science.1247005. Epub 2013 Dec. 12 and supple-
mental material, the respective content of which 1s 1ncorpo-
rated herein by reference; see also hereimn-cited US and PCT
patent applications and ATCC Deposits concerning the
GeCKO Library(ies), incorporated herein by reference.
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These may include but are not limited to sequences associ-
ated with a signaling biochemical pathway, e.g., a signaling
biochemical pathway-associated gene or polynucleotide.
Examples of target polynucleotides include a disease asso-
ciated gene or polynucleotide. A “disease-associated™ gene
or polynucleotide refers to any gene or polynucleotide which
1s yielding transcription or translation products at an abnor-
mal level or 1n an abnormal form 1n cells denved from a
disease-allected tissues compared with tissues or cells of a
non disease control. It may be a gene that becomes
expressed at an abnormally high level, 1t may be a gene that
becomes expressed at an abnormally low level, where the
altered expression correlates with the occurrence and/or
progression ol the disease. A disease-associated gene also
refers to a gene possessing mutation(s) or genetic variation
that 1s directly responsible or 1s 1n linkage disequilibrium
with a gene(s) that i1s responsible for the etiology of a
disease. The transcribed or translated products may be
known or unknown, and may be at a normal or abnormal
level.

Examples of disease-associated genes and polynucleotides
are available from the relevant literature, for example from
McKusick-Nathans Institute of Genetic Medicine, Johns
Hopkins University (Baltimore, Md.) and National Center
for Biotechnology Information, National Library of Medi-
cine (Bethesda, Md.), available on the World Wide Web.
Mutations 1n these genes and pathways can result in pro-
duction of improper proteins or proteins in i1mproper
amounts which aflect function. Further examples of genes,
diseases and proteins are hereby incorporated by reference
from U.S. Provisional applications 61/736,527 and 61/748,
42°7. Such genes, proteins and pathways may be the target
polynucleotide of a CRISPR complex.

EXAMPLES

The following examples are given for the purpose of
illustrating various embodiments of the invention and are
not meant to limit the present invention in any fashion. The
present examples, along with the methods described herein
are presently representative of preferred embodiments, are
exemplary, and are not intended as limitations on the scope
of the invention. Changes therein and other uses which are
encompassed within the spirit of the invention as defined by
the scope of the claims will occur to those skilled 1n the art.

Example 1: Genetic Screens in Human Cells Using
the CRISPR/Cas9 System

The bacterial CRISPR-Cas9 system for genome editing
has greatly expanded the toolbox for mammalian genetics,
enabling the rapid generation of 1sogenic cell lines and mice
with modified alleles. Here, Applicants described a pooled,
loss-of-function genetic screening approach suitable for
both positive and negative selection that uses a genome-
scale lentiviral single guide RNA (sgRNA) library. sgRNA
expression cassettes were stably integrated into the genome,
which enabled a complex mutant pool to be tracked by
massively parallel sequencing. Applicants used a library
containing 73,000 sgRNAs to generate knockout collections
and performed screens in two human cell lines. A screen for
resistance to the nucleotide analog 6-thioguanine 1dentified
all expected members of the DNA mismatch repair pathway,
while another for the DNA topoisomerase II (TOP2A)
poison etoposide identified TOP2A, as expected, and also
cyclin-dependent kinase 6, CDK6. A negative selection
screen for essential genes identified numerous gene sets
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corresponding to fundamental processes. Finally, Applicants
showed that sgRINA efliciency 1s associated with specific
sequence motifs, enabling the prediction of potent sgRNAs.
Collectively, these results establish Cas9/sgRINA screens as
a poweriul tool for systematic genetic analysis 1n mamma-
lian cells.

A critical need i biology 1s the ability to efhiciently
identify the set of genes underlying a cellular process. In
microorganisms, poweriul methods allow systematic loss-
of-function genetic screening. In mammalian cells, however,
current screening methods fall short—primarily because of
the difliculty of inactivating both copies of a gene 1n a
diploid mammalian cell. Insertional mutagenesis screens 1n
cell lines that are near-haploid or carry Blm mutations, that
cause frequent somatic crossing-over, have proven poweriul
but are not applicable to most cell lines and sufler from
integration biases of the insertion vectors. The primary
solution has been to target mRNAs with RNA interference
(RN A1). However, this approach 1s also imperfect as 1t only
partially suppresses target gene levels and can have ofl-
target effects on other mRINAs—resulting 1n false negative
and false positive results. Thus, there remains an unmet need
for an eflicient, large-scale, loss of function screening
method 1n mammalian cells.

Recently, the Clustered Regularly Interspaced Short Pal-
indromic Repeats (CRISPR) pathway, which functions as an
adaptive immune system in bacteria, has been co-opted to
engineer mammalian genomes 1n an eflicient manner. In this
two-component system, a single guide RNA (sgRNA)
directs the Cas9 nuclease to cause double-stranded cleavage
of matching target DNA sequences. In contrast to previous
genome-editing techniques, such as zinc-finger nucleases
and TALENSs, the target specificity of CRISPR-Cas9 1s
dictated by a 20-base pair sequence at the 3'-end of the
sgRNA, allowing for much greater ease of construction of
knockout reagents. Mutant cells lines and mice bearing
multiple modified alleles may be generated with this tech-
nology.

Applicants explored the feasibility of using the CRISPR-
Cas9 system to perform large-scale, loss-of-function screens
in mammalian cells. The 1dea was to use a pool of sgRINA-
expressing lentivirus to generate a library of knockout cells
that could be screened under both positive and negative
selection. Each sgRNA would serve as a distinct DNA
barcode that can be used to count the number of cells
carrying 1t using high- throughput sequencing (FIG. 1A).
Pooled screemng requires that single-copy sgRNA inte-
grants are suflicient to induce eflicient cleavage of both
copies of a targeted locus. This contrasts with the high
expression of sgRNAs achieved by transfection that is
typically used to engineer a specific genomic change using,
the CRISPR-Cas9 system.

Applicants first tested the concept in the near-haploid,
human KBM7 CML cell line, by creating a clonal derivative
expressing the Cas9 nuclease (with a FLAG-tag at 1its
N-terminus) under a doxycycline-inducible promoter (FIG.
1B). Transduction of these cells at low multiplicity of
infection (MOI) with a lentivirus expressing a sgRINA
targeting the endogenous AAVSI1 locus revealed substantial
cleavage at the AAVSI1 locus 48 hours after infection (FIG.
1C). Moreover, because the sgRINA was stably expressed,
genomic cleavage continued to increase over the course of
the experiment. Deep sequencing of the locus revealed that
repair ol Cas9-induced double-strand breaks resulted in
small deletions (<20 bp) 1n the target sequence, with tiny
isertions or substitutions (<3 bp) occurring at a lower
frequency (FIG. 1D). The vast majority of the lesions,
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occurring 1n a protein-coding region, would be predicted to
give rise to a non-functional protein product, indicating that
CRISPR-Cas9 1s an eflicient means ol generating loss-oi-
function alleles.

Applicants also analyzed ofi-target activity of CRISPR-
Cas9. Although the specificity of CRISPR/Cas9 has been

extensively characterized in transfection-based settings,
Applicants wanted to examine 1ts ofl-target behavior in this
system, where Cas9 and a single guide RNA targeting
AAVS] (sgAAVS1) were stably expressed for two weeks.
Applicants compared the level of cleavage observed at the
target locus (97%) to levels at 13 potential oil-target cleav-
age sites 1n the genome (defined as sites diflering by up to
3 bp from sgAAVS1). Mimimal cleavage (<2.5%) was
observed at all sites with one exception, which was the only
site that had perfect complementarity 1n the ‘seed’ region
(terminal 8 bp). On average, sgcRNAs have ~2.2 such sites
in the genome, almost always (as in this case) occurring 1n
non-coding DNA and thus less likely to affect gene function.
For the examination of potential sgRNA off-target sites,
Applicants determined the expected number of potential
ofl-target sites 1n the human genome and exome allowing for

up to 3 mismatches in the non-seed region (first 12 base
pairs) by the following calculation:

1
0 = (z] = probability of a perfect 20 base pair match

(-
(

1
g) = probability of a PAM sequence match (AG or GG allowed)

12

MMs =
=

](4— 1)’ = # of 3 base pair
mismatch combinations in non-seed region
12
MM, = ( ](4 —1)* = # of 2 base pair mismatch
combinations 1in non-seed region
12
MM, :( 1 ](4— 1) =# of 1 base pair nismatch

combinations 1in non-seed region

PM =1 = perfectmatch 1n non-seed region

S genome = 3 X 10 = size of human genome

S ome =3 X 107 =size of the human exome (UTR + CDS)
O1Genome = (PZU)(PPAM)(MM?r + MM, + MM + PM)(ngnﬂmf) ~

2.23 expected off-target sites in the genome per sgRNA

OTEXDPHE — (PZD)(PPAM)(MM?J + MMZ + MMI + PM)(SEIDPHE) ~=

0.0072 ~ 77 expected off-target sites 1n the exome per sgRNA

To test the ability to simultaneously screen tens of thou-
sands of sgRINAs, Applicants designed a sgRNA library with
73,151 members, consisting of multiple sgRNAs targeting
7,114 genes and 100 non-targeting controls (FIG. 1E and see

(Genetic screens in human cells using the CRISPR-
Cas93system. Wang T, Wei1 I 1, Sabatin1 D M, Lander E S.

Science. 2014 Jan. 3; 343(6166):80-4. do1: 10.1126/sc1-
ence.1246981. Epub 2013 Dec. 12. and supplemental mate-
rial, the respective content of which 1s incorporated herein
by reference; providing annotations for the genome-scale
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sgRINA library containing spacer sequences and target gene
information; see also herein-cited US and PCT patent appli-
cations and ATCC Deposits concerning the GeCKO Library
(1es), all incorporated herein by reference). sgRNAs were
designed against constitutive coding exons near the begin-
ning of each gene and filtered for potential off-target eflects
based on sequence similarity to the rest of the human

genome (FIG. 1F-G). The library mncluded 10 sgRNAs for
cach of 7033 genes and all possible sgRINAs for each of the
84 genes encoding ribosomal proteins (FIG. 1H). To assess
the eflective representation of Applicants’ microarray syn-
thesized library, Applicants sequenced sgRNA barcodes
from KBM?7 cells 24 hours after infection with the entire
lentiviral pool and were able to detect the overwhelming
majority (>99° %) of Applicants’ sgRNAs, with high uni-
formity across constructs (only 6-fold increase 1n abundance
between the 10th and 90th percentiles) (FIG. 5A).

As an 1mitial test of this approach, Applicants screened the
library for genes that function mm DNA mismatch repair
(MMR). In the presence of the nucleotide analog 6-thiogua-
nine (6-1G), MMR-proficient cells are unable to repair
6-1TG-1induced lesions and arrest at the G2-M cell-cycle
checkpoint, while MMR -defective cells do not recognize the
lesions and continue to divide. Applicants infected Cas9-
KBMY7 cells with the entire sgRNA library, cultured the cells
in a concentration of 6-TG that 1s lethal to wild-type KBM7
cells, and sequenced the sgRINA barcodes 1n the final popu-
lation. sgRNAs targeting the genes encoding the four com-
ponents of the MMR pathway (MSH2, MSH6, MLHI1 and
PMS2) were dramatically enriched 1in the 6-TG-treated cells.
At least four independent sgRNAs for each gene showed
very strong enrichment and barcodes corresponding to these
genes made up >30% of all barcodes (FIG. 2A-B). Strik-
ingly, each of the twenty most abundant sgRNAs targeted
one of these four genes. The fact that few of the other 73,000
sgRNAs scored highly in this assay suggests a low {ire-
quency ol ofl-target eflects.

Applicants next addressed the challenge of loss of func-
tion screening in diploid cells, which require bi-allelic
inactivation of a target gene. Applicants therefore generated
an inducible Cas9 derivative of the HL60 pseudo-diploid
human leukemic cell line. In both HL.L60 and KBM7 cells,
Applicants screened for genes whose loss conferred resis-
tance to etoposide, a chemotherapeutic agent that poisons
DNA topoisomerase IIA (TOP2A). To identily hit genes,
Applicants calculated the difference 1n abundance between
the treated and untreated populations for each sgRNA,
calculated a score for each gene by using a Kolmogorov-
Smirnov test to compare the sgRNAs targeting the gene
against the non-targeting control sgRNAs, and corrected for
multiple hypothesis testing (FIG. 2C-E and see Genetic
screens in human cells using the CRISPR-Cas9 system.

Wang T, Wei1 ] J, Sabatim1 D M, Lander E S. Science. 2014
Jan. 3;343(6166):80-4. do1: 10.1126/science.1246981. Epub
2013 Dec. 12. and supplemental material, the respective
content of which 1s incorporated herein by reference; and
which shows gene-level data for etoposide screens 1n KBM7
and HL60 cells; see also herein-cited US and PCT patent
applications and ATCC Deposits concerming the GeCKO
Library(ies)). Identical genes were detected in both screens,
with significance levels exceeding all other genes by more
than 100-fold. As expected, loss of TOP2A 1tself conferred
strong protection to etoposide. The screen also revealed a
role for CDK6, a G1 cyclin-dependent kinase, in mediating,
ctoposide-induced cytotoxicity. Notably, every one of the 20
sgRNAs 1n the library targeting TOP2A or CDK6 was

strongly enriched (>90th percentile) 1n both screens, ndi-
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cating that the eflective coverage of Applicants’ libraries 1s
very high. Applicants generated 1sogenic HLL60 cell lines
with individual sgRNAs against TOP2A and CDK6 and,
consistent with the screen results, these lines were much
more resistant to etoposide than parental or sgAAVSI-
modified HL60 cells (FIG. 2F-G). Thus, Applicants Cas9/
sgRNA system enables large-scale positive selection loss-
of-function screens.

To 1dentify genes required for cellular proliferation Appli-
cants screened for genes whose loss conferred a selective
disadvantage on cells. Such a screen requires accurate
identification of sgRINAs that are depleted from the final cell
population. Importantly, a sgRNA will show depletion only
i cleavage of the target gene occurs 1n the majority of cells
carrying the construct.

As an 1itial test, Applicants screened KBM7 cells with a
small library containing sgRNAs targeting the BCR and

ABLI1 genes (see Genetic screens in human cells using the
CRISPR-Cas9 system. Wang T, Wei1 J I, Sabatin1 D M,

Lander E S. Science. 2014 Jan. 3; 343(6166):80-4. doa:
10.1126/science.1246981. Epub 2013 Dec. 12. and supple-
mental material, the respective content of which 1s 1ncorpo-
rated herein by reference, providing annotations for the mini
sgRNA library containing spacer sequences and target gene
information; see also herein-cited US and PCT patent appli-
cations and ATCC Deposits concerning the GeCKO Library
(1es)). The survival of KBMY7 cells depends on the fusion
protein produced by the BCR-ABL translocation. As
expected, depletion was seen only for sgRNAs targeting the
exons of BCR and ABL1 that encode the fusion protein, but
not for those targeting the other exons of BCR and ABLI
(FIG. 3A).

Applicants then infected Cas9-HL60, Cas9-KBM7, and
WT KBMY7 cells with the entire 73,000-member sgRINA
library and used deep sequencing of the sgRNA barcodes to
monitor the change 1n abundance of each sgRINA between
the 1mtial seeding and a final population obtained after
twelve cell doublings (FIG. 5A-B).

Applicants began by analyzing ribosomal proteins genes,
for which the library contained all possible sgRNAs. Appli-
cants observed strong Cas9-dependent depletion of sgRNAS
targeting genes encoding ribosomal proteins, with good
concordance between the sets of ribosomal protein genes
essential for cell proliferation 1n the HL60 and KBM7
screens (the median sgRNA fold-change 1n abundance was
used as a measure of gene essentiality) (FIG. 3B-C). Inter-
estingly, a few ribosomal protein genes were not found to be
essential. These were two genes encoded on chromosome Y
(RPS4Y2, which 1s testes-specific, and RPS4Y1, which 1s
expressed at low levels compared to its homolog RPS4X on
chromosome X), and ‘ribosome-like’ proteins, which may
be required only 1n select tissues and generally are lowly
expressed in KBM7 cells.

FIG. 4A-B show Ofl-target cleavage analysis: (A) AAVSI
and predicted sgAAVS1 off-target (OT) sites were individu-
ally amplified 1n a nested PCR from genomic DNA from
sg AAVS-modified and WT Cas9-KBM7 cells and analyzed
by high-throughput sequencing. (B) Barplot summary of the
results.

FIGS. 6A-B show Negative selection screens reveal
essential genes: (A) Ribosomal protein gene essentiality
correlates with expression. Ribosomal protein gene deple-
tion scores from the negative selection screen 1n Cas9-
KBMY7 cells are plotted against transcript abundance as
determined by RN A-seq analysis of the KBM7 cell line. (B)
Gene depletion scores of all genes screened are well corre-
lated between Cas9-KBM7 and Cas9-HL60 cells.
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Applicants then turned attention to other genes within
Applicants” dataset, for which ten sgRNAs were designed.
As for the ribosomal genes, the essentiality scores of these
genes were also strongly correlated between the two cells
lines (see Genetic screens in human cells using the CRISPR-
Cas9 system. Wang T, We1 ] I, Sabatin1 D M, Lander E S.
Science. 2014 Jan. 3; 343(6166):80-4. do1: 10.1126/sc1-
ence.1246981. Epub 2013 Dec. 12 and supplemental mate-
rial, the respective content of which 1s incorporated herein
by reference, providing Gene-level data for negative selec-
tion screens 1n KBM7 and HL.60 cells; see also herein-cited
US and PCT patent applications and ATCC Deposits con-
cerning the GeCKO Library(ies)). For the twenty highest
scoring genes, Applicants found independent evidence for
essentiality, based primarily on data from large-scale func-
tional studies 1n model organisms (Table 1).

TABLE 1

Independent evidence of essentiality for the top 20
non-ribosomal genes. Functional data from large-scale studies
in model organisms and single gene studies in mice and human
cell lines. 16 of 17 yeast homologs are essential.

The sole except TPT1 1s essential in mice and C. elegans.

Essential  Evidence
Yeast hi} in other
Rank Gene Name homolog yeast?“ Organisms
1  SF3B3 splicing factor RSE1  Yes teg-4”
3b, subunit CG13900
3, 130 kDa
2 RPP21 ribonuclease RPR2  Yes
P/MRP 21
kDa subunit
3  Clorfl09 chromosome — — clorf109/
1 open reading human
frame 109
4  PCNA proliferating POL30 Yes pcn-17
cell nuclear mus209°
antigen
5 CDANI1 codanin 1 - - dlt®
Mouse
6 PSMAY proteasome PRE6  Yes pas-4”
(prosome,
macropain)
subunit,
alpha type, 7
7 GTF2B  general SUA7  Yes tth-17
transcription
factor I1IB
8 ANAPC4 anaphase APC4  Yes emb-30°
promoting
complex
subunit 4
9 CDC16 cell division CDC16 Yes emb-27"
cycle 16
10 TPT1 tumor protein, TMA19 NO tct-1°
translationally- mouse
controlled 1
11  SF3A3 splicing factor PRP9  Yes T13H5.4%
3a, subunit 3, noi¢
60 kDa sf3a3y
12 PREB prolactin SEC12 Yes sec-12¢
regulatory
element
binding
13 HSPA9 heat shock SSC1 Yes hsp-6°
70 kDa Hsc'70-5°
protein 9 Hspa9b’
(mortalin)
14 POLR2A polymerase RPO2Z21 Yes ama-17
(RNA) 1I RplI215¢
(DNA directed)
polypeptide A,
220 kDa
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TABLE 1-continued

Independent evidence of essentiality for the top 20
non-ribosomal genes. Functional data from large-scale studies
in model organisms and single gene studies 1n mice and human
cell lines. 16 of 17 yeast homologs are essential.

The sole except TPT1 is essential in mice and C. elegans.

Evidence
in other

Organisms

Essential
Yeast n

Rank homolog veast?

(Gene Name

15 PCF11 PCF11 cleavage PCF11  Yes
and
polyadenylation
factor subunit
polymerase
(RNA) II
(DNA directed)
polypeptide L,
7.6 kDa
SPC24, NDCRO
kinetochore
complex
component
THAP domain — —
containing,
apoptosis
assoclated
protein 1
cell division
cycle 123
WD repeat

domain 74

pcf-117
CG10228%

16 POLR2L RPB10  Yes pb-10?

pb109

17  SPC24 SPC24  Yes

18 THAPI1 human

19 CDC123 CDC123 Yes

TO6E6.1°
CG78457

20 WDRY/4 NSAl  Yes

Large-scale studies:
“S. cerevisiae (G. Giaever et al., Functional profiling of the Saccharomyces cerevisiae

%ename. Nature 418, 387-391 (2002)),
C. elegans (B. Sonnichsen et al., Full-genome RNA1 profiling of early embryogenesis in
Caenorhabditis elegans. Nature 434, 462-469 (2005));

°C. elegans (1.-F. Rual et al., Toward Improving Caenorhabditis elegans Phenome

Mapping With an ORFeome-Based RNA1 Library. Genome Research 14, 2162-2168
(2004));
) melanogaster J. L. Mummery-Widmer et al., Genome-wide analysis of Notch

signalling in Drosophila by transgenic RNA1, Nature 458, 987-992 (2009));

°D. melanogaster A, C. Spradling et al., The Berkeley Drosophila Genome Project Gene

Disruption Project: Single P-Element Insertions Mutating 25% of Vital Drosophila Genes.
Genetics 153, 135-177 (1999));

'D. rerio A. Amsterdam et al., Identification of 315 genes essential for early zebrafish
development. Proceedings of the National Academy of Sciences of the United States of
America 101, 12792-12797 (2004).

To evaluate the results at a global level, Applicants tested
4’722 gene sets to see 1f they showed strong signatures of

essentiality, using Gene Set Enrichment Analysis. Gene sets
related to fundamental biological processes—including
DNA replication, gene transcription, and protein degrada-
tion—showed strong depletion, consistent with their essen-

tiality (FIG. 3D, Table 2).

TABLE 2

Gene Set Enrichment Analysis. Gene composition and
scores of the enriched gene sets highlighted in FIG. 3D.

Rank in
Gene Gene List Raw Metric Running ES Core
KEGG_DNA_REPLICATION
RPA4 1045 5512 -0.12 No
POLDI1 3054 3944 -0.378 No
POLE4 3938 3332 -0.474 No
MCM3 4717 2712.5 -0.556 No
REFC1 4959 2497.5 -0.561 No
LIG1 5098 2369 -0.551 No
POLDA4 5587 1839.5 -0.592 Yes
POLE3 5640 1778 —-0.57 Yes
RPA2 5668 1751.5 —-0.544 Yes
POLAL 5689 1723.5 —-0.518 Yes
RNASEH2B 6006 1322.5 -0.533 Yes
POLE 6039 1283 —-0.509 Yes
RPA3 6180 1120 -0.499 Yes
RNASEH2C 6462 720.5 -0.51 Yes
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Gene Set Enrichment Analysis. Gene composition and

scores of the enriched gene sets highlighted 1n FIG. 3D.

Rank 1n
Gene Gene List Raw Metric Running ES Core
DNA2 6496 673.5 -0.485 Yes
RFC4 6533 629.5 -0.461 Yes
MCM'7 6542 615.5 -0.433 Yes
MCM2 6557 596 -0.405 Yes
RNASEHZ2A 6586 565.5 -0.38 Yes
RFC2 6668 465 -0.362 Yes
MCM35 6684 428.5 -0.335 Yes
MCM4 6724 385.5 -0.311 Yes
POLD?3 6766 342 —-0.287 Yes
POLD?2 6806 286.5 -0.264 Yes
MCM6 6808 286 -0.234 Yes
PRIM1 6817 275 -0.206 Yes
PRIM?2 6845 247.5 -0.18 Yes
REFC5 6867 218 -0.154 Yes
POLE2 6904 175.5 -0.13 Yes
REFC3 6917 153.5 -0.102 Yes
RPA1 6944 119 -0.076 Yes
FEN1 6972 72.5 -0.051 Yes
POLA2 6979 66.5 -0.022 Yes
PCNA 7026 13 1.00E-03 Yes
KEGG_RNA POLYMERASE
POLRID 3555 3610 -0.466 No
POLR2F 3644 3534.5 -0.437 No
POLR3B 3902 3352.5 -0.432 No
POLR3GL 4839 2604.5 -0.524 No
POLR3A 5107 2363 -0.52 No
POLR3D 5251 2215 -0.499 No
POLRI1A 5985 1354.5 -0.562 Yes
POLRA3F 6247 1026.5 —-0.557 Yes
POLRI1C 6313 922.5 -0.525 Yes
POLR2H 6431 771 -0.5 Yes
ZNRDI1 6694 412.5 -0.496 Yes
POLR3C 6709 398 -0.456 Yes
POLR2B 6744 368 -0.419 Yes
POLR2D 6763 348 -0.38 Yes
POLR2C 6776 335 -0.34 Yes
POLRIE 6791 312 -0.3 Yes
POLRI1B 6844 249 —-0.266 Yes
POLR2G 6919 152.5 —-0.235 Yes
POLR3K 6948 108 -0.197 Yes
POLR3H 6983 63.5 -0.161 Yes
POLR2E 6998 47.5 -0.121 Yes
POLR2I 7007 37.5 —-0.08 Yes
POLR2L 7014 27.5 -0.04 Yes
POLR2A 7018 24.5 0.002 Yes
KEGG_SPLICEOSOME
HSPAIL 460 6160 —-0.057 No
PRPF40B 1234 5313 -0.159 No
TCERGI 1450 5129 -0.18 No
HSPAG6 2452 4350.5 -0.315 No
SRSE¥ 2672 4196.5 -0.337 No
HSPA?2 3066 3934.5 -0.384 No
TRA2A 3276 3781.5 —-0.404 No
SRSF4 3524 3624 -0.43 No
PQBP1 3603 3564 -0.432 No
U2SURP 3746 3466 -0.442 No
PPIL1 4504 2883.5 -0.542 No
DDX5 4508 2881 -0.533 No
WBP11 4689 2731.5 -0.549 No
SNRPB2 4710 2718 -0.542 No
DHX16 4751 2683 —-0.538% No
DDX42 4956 2499 —-0.55% No
SNRNP40 5269 2200 -0.593 No
DDX46 5457 1988.5 -0.61 Yes
PPIE 5472 1974.5 —-0.603 Yes
PRPF31 5486 1958 —-0.595 Yes
SRSES 5499 1941.5 —-0.587 Yes
LSM3 5615 1812 —-0.594 Yes
U2AF1 5617 1810.5 —-0.584 Yes
HNRNPAI 5676 1736 —-0.583 Yes
USP39 5738 1674 —-0.582 Yes
PRPF4 5788 1616.5 -0.579 Yes
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Gene Set Enrichment Analysis. Gene composition and
scores of the enriched gene sets highlighted in FIG. 3D.
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(Gene

DHX&
L.SM?2
AQR
PL.RG1
U2AF?2
CCDC12
THOC]
DDX23
CRNKL1
LSM4
ISY1
RBMX
CWC15
SRSF9
RBMSA
SNRNP70
SNRNP27
SRSF10
SLU7
DHX38
SF3Al
XAB?
SNW1
SNRPD3
RBM17
CDC40
PRPF3
NHP21.1
THOC?
RBM25
HNRNPU
PRPF8
NAA3SR
SNRPA
SYF?
HNRNPM
BCAS?
EFTUD?2
PRPF18
SMNDC1
PRPF38A
SF3B5
PRPF38B
SNRPB
ACIN1
DHX15
SNRPC
CTNNBLLI
TRA2B
ZMAT?
SNRPD?2
L.SM7
PUF60
CDC5L
SART1
SRSF6
NCBP1
SNRPA1
SF3B2
SRSF7
DDX39B
RBM22
PRPF19
HNRNPK
SF3A2
BUD31
PRPF6
PCBP1
EIF4A3
NCBP2
SNRNP200
TXNL4A

SRSEF3
SRSEF2

Rank in
Gene List

5893
595%
5982
6062
6076
6110
6112
6147
6183
6186
6204
6210
6252
6270
6291
6321
6324
06325
06337
06338
6343
6371
0373
6395
6402
6406
6442
6463
6469
6473
6478
6486
64972
6495
6514
0518
6534
6569
6605
6609
6641
6643
6655
6657
6664
6686
6727
6739
6741
6742
6771
6772
6783
6801
6805
6807
6826
0827
6831
6841
6852
6859
6864
6894
6912
6923
6927
6928
6939
6942
06951
6963

6975
6989

Raw Metric

1466.5
1387
1355.5
1261
1250.5
1221
1219
1159
1116
1114.5
1092
1084.5
1015
984.5
956
915.5
912.5
912
894.5
894
8&Y
856.5
854
829
819.5
814
746.5
718
709
707.5
O09%
085.5
677.5
673.5
654.5
04%.5
629
578.5
544
538.5
499
494.5
480.5
479.5
468.5
426.5

383
375
373.5
370
339.5
339.5
325
297
291
286
264.5
204.5
261
250.5
241
230.5
224.5
189
167.5
149.5
147
142.5
129
121.5
101.5
88.5

69.5
34.5

Running ES

—-0.585
—-0.584
-0.57%
—-0.58

-0.572
—-0.567
—-0.557
-0.552
—-0.54%
-0.538
—-0.531
-0.522
-0.51%
-0.511
-0.504
—-0.499
—-0.489
-0.48

-0.471
-0.462
-0.453
-0.447
-0.437
-0.431
-0.422
-0.412
—-0.408
—-0.401
-0.392
—-(0.383
-0.374
—-0.365
-0.356
—-0.346
—-0.339
-0.33

-0.323
-0.31%
-0.313
-0.304
—-0.299
—-0.289
-0.281
-0.271
-0.262
—-0.256
—-0.252
-0.244
-0.234
-0.224
-0.219
—-0.209
—-0.201
-0.194
-0.184
—-0.175
—-0.16%
—-0.15%
-0.149
-0.14

-0.132
-0.123
-0.114
—-0.108%
-0.101
—-0.093
-0.084
-0.074
—-0.066
—-0.056
—-0.04%
—-0.04

—-0.031
-0.024

Core

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
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TABLE 2-continued

Gene Set Enrichment Analysis. Gene composition and
scores of the enriched gene sets highlighted in FIG. 3D.

Rank 1n
Gene Gene List Raw Metric Running ES Core
SRSF1 7002 44 -0.016 Yes
SF3A3 7020 23.5 —-0.008 Yes
SF3B3 7030 8 0.00E+00 Yes
BIOCARTA_PROTEASOME_PATHWAY
UBE2A 319 6328.5 —-0.007 No
UBE3A 2034 4674.5 -0.213 No
PSMDg 2876 4054.5 -0.295 No
PSMA4 5599 1831 —-0.645 Yes
PSMC4 5706 1708.5 -0.622 Yes
PSMB6 5800 1603 -0.596 Yes
PSMD12 6056 1267 -0.594 Yes
PSMA3 6094 1233 -0.561 Yes
RPN2 6161 1148 -0.532 Yes
PSMB4 6202 1096 -0.499 Yes
PSMD14 6366 862 —-0.484 Yes
PSMB3 6394 829 -0.45 Yes
PSMC2 6438 753 -0.417 Yes
PSMBI1 6516 6352.5 -0.39 Yes
PSMB3 6649 487.5 -0.37 Yes
PSMAZ2 6674 451.5 -0.335 Yes
P SMAI 6716 392.5 —-0.303 Yes
PSMB2 6762 348 -0.271 Yes
PSMAS 6768 341.5 -0.233 Yes
PSMD6 6795 306.5 —-0.198 Yes
PSMB7 6813 281.5 -0.162 Yes
PSMC6 6834 258 -0.126 Yes
PSMAG6 6855 238 -0.091 Yes
PSMC3 6916 155 -0.061 Yes
PSMD11 6934 133.5 -0.025 Yes
PSMA7 7027 13 0.00E+00 Yes

Example 2: Features Underlying sgRINA Potency

Applicants sought to understand the features underlying
sgRNA potency. Although the vast majority of sgRNAs
against ribosomal protein genes showed depletion, detailed
comparison of sgRNAs targeting the same gene revealed
substantial variation in the precise amounts of depletion.
These differences are unlikely to be caused by local acces-
sibility to the Cas9/sgRNA complex mmasmuch as compa-
rable variability was observed even among sgRNAs target-
ing neighboring target sites of a given gene (FIG. 7). Given
that Applicants’ library includes all possible sgRNAs against
cach of the 84 nbosomal genes, the data allowed Applicants
to search for factors that might explain the differential
cllicacy of sgRNAs. Because the majority of ribosomal
proteins genes are essential, Applicants reasoned that the
level of depletion of a given ribosomal protein-targeting
sgRINA could serve as a proxy for its cleavage efliciency.
Applying this approach Applicants found several trends
related to sgRNA eflicacy: (1) Single guide sequences with
very high or low GC content were less eflective against their
targets. (2) sgRNAs targeting the last coding exon were less
ellective than those targeting earlier exons, consistent with
the notion that disruption of the terminal exon would be
expected to have less impact on gene function. (3) sgRNAs
targeting the transcribed strand were less effective than those
targeting the non-transcribed strand (FIG. 3E). Although
these trends were statistically significant, they explained
only a small proportion of differences 1n sgRNA potency

(Table 3).
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TABLE 3

Analysis of features influencing sgRNA potency. Summary of the
variance in ribosomal protein-targeting sgRNA log2 fold changes
explained by various features of scRNAs using a general linear model.

Degrees of Variance
Variable Freedom Explained (1)
Full Sequence (combined) 2460 1
First 4 nucleotides (combined) 250 0.17
Middle 4 nucleotides (combined) 251 0.133
Last 4 nucleotides (combined) 251 0.291
First 4 nucleotides (additive) 12 0.04
Middle 4 nucleotides (additive) 12 0.02
Last 4 nucleotides (additive) 12 0.129
GC Content 14 0.025
gRNA Strand 1 0.014
Exon Type 2 0.013

Applicants hypothesized that differences in sgRNA
potency might also result from sequence features governing
interactions with Cas9. To test this, Applicants developed a
method to profile the sgRNAs directly bound to Cas9 1n a
highly parallel manner. By comparing the abundance of
sgRNAs bound to Cas9 relative to the abundance of their
corresponding genomic mtegrants, Applicants found that the
nucleotide composition near the 3'-end of the spacer
sequence was the most important determinant of Cas9
loading (FIG. 3F). Specifically, Cas9 preferentially bound
sgRNAs containing purines in the last 4 nucleotides of the
spacer sequence whereas pyrimidines were disfavored. A
similar pattern emerged when Applicants examined deple-
tion of ribosomal protein-targeting sgRNASs (r—O 81), sug-
gesting that, 1n sigmificant part, the cleavage efliciency of a
sgRNA was determined by its aflinity for Cas9 (Table 3).

Applicants then sought to build an algorithm to discrimi-
nate between potent and weak sgRNAs (FIG. 3G). Appli-
cants trained a support-vector-machine classifier based on
the target sequences and depletion scores ol ribosomal
protein-targeting single guide RNAs. As an mdependent test,
Applicants used the classifier to predlct the eflicacy of
sgRNAs targeting the 400 top scoring (i1.e. essential) non-
ribosomal genes. The top two-thirds of Applicants’ predic-
tions exhibited 3-fold higher potency than the remaining
fraction, confirming the accuracy of the algorithm.

Using this algorithm, Applicants designed a whole-ge-
nome sgRNA library consisting of sequences predicted to

have higher eflicacy (see Genetic screens 1n human cells
using the CRISPR-Cas9 system. Wang T, We1 ] I, Sabatini

D M, Lander E S. Science. 2014 Jan. 3; 343(6166):80-4. doa:
10.1126/science.1246981. Epub 2013 Dec. 12 and supple-
mental material, the respective content of which 1s 1ncorpo-
rated herein by reference, providing Annotations for the
predicted genome-wide sgRNA library contaiming spacer
sequences and target gene information; see also herein-cited
US and PCT patent applications and ATCC Deposits con-
cerning the GeCKO Library(ies)). As with the sgRNA pool
used 1n Applicants’ screens, this new collection was also
filtered for potential ofi-target matches. This reference set of
sgRNAs may be useful both for targeting single genes as
well as large-scale sgRNA screening.

Taken together, these results demonstrated the utility of
CRISPR-Cas9 for conducting large-scale genetic screens 1n
mammalian cells. Based on Applicants’ experiments, this
system appears to offer several powerful features that
together provide sigmificant advantages over current func-
tional screening methods.

First, CRISPR/Cas9 inactivates genes at the DNA level,

making 1t possible to study phenotypes that require a com-
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plete loss of gene function to be elicited. In addition, the
system should also enable functional interrogation of non-
transcribed elements, which are 1naccessible by RNAAI.

Second, a large proportion of sgRNAs successtully gen-
crate mutations at their target sites. While this parameter 1s
dificult to directly assess in pooled screens, Applicants
obtained an estimate by examining the ‘hit rate’ at known
genes. Applying a z-score analysis of Applicants’ positive
selection screens, Applicants found that over 75% (46/60) of
sgRNAs score at a significance threshold that perfectly
separates true and false positives on a gene level (FIG.
8A-D). Together these results show that the effective cov-
erage ol Applicants’ library i1s very high and that the rate of
talse negatives should be low even in a large-scale screen.

Third, ofl-target eflects do not appear to seriously hamper
Applicants’ screens, based on several lines of evidence.
Direct sequencing of potential off-target loc1 detected mini-
mal cleavage at secondary sites, which typically reside in
non-coding regions and do not impact gene function. More-
over, 1n the 6-TG screens, the twenty most abundant sgR -
NAs all targeted one of the four members of the MMR
pathway. In total, they represented over 30% of the final
pool, a fraction greater the next 400 sgRNAs combined. In
the etoposide screen, the two top genes scored far above
background levels (p-values 100-fold smaller than the next
best gene), enabling clear discrimination between true and
talse positive hits. Lastly, new versions of the CRISPR-Cas9
system have recently been developed that substantially
decrease ofl-target activity.

Example 3: Confirmation of Approach

Although Applicants investigations relate to proliferation-
based phenotypes, Applicants’ approach can be applied to a
much wider range of biological phenomena. With appropri-
ate sgRNA libraries, the method should enable genetic
analyses of mammalian cells to be conducted with a degree
of rigor and completeness currently possible only 1n the
study of microorganisms.

Methods and Materials

Cell lines and vectors: Materials were obtained from the
following sources: HL-60 were kindly provided from the
Whitehead Institute, Cambnidge, Mass., USA; pCW357.1
Dox-1nducible lentiviral vector, pX330- U6 Chimeric_BB-
CBh-hSpCas9 vector, pLX304 lentiviral vector, and
gRNA_AAVSI-T2 vector from Addgene.

Cell culture: Unless otherwise specified, 2937 cells were
cultured in DMEM (US Biological) and supplemented with
20% Inactivated Fetal Calf Serum (Sigma), 5 mM gluta-
mine, and penicillin/streptomycin. HL60 and KBM7 cells
were cultured in IMDM (Life Technologies) and supple-
mented with 20% IFS, 5 mM glutamine and penicilin/
streptomycin.

Viability assay: Cells were seeded 1n 96-well tissue cul-
ture plates at 4000 cells/well in 200 ulL of media under
various treatment conditions. After 3 days, 35 uL. of Cell-
Titer-Glo reagent (Promega) was added to each well, mixed
for 5 minutes, and the luminescence was read on the
SpectraMax M5 Luminometer (Molecular Devices). All
experiments were performed 1n triplicate.

Dosing of screening agents: To determine the appropnate
dose of 6-TG and etoposide for screening i KBM7 and
HI60 cells, cells were seeded 1n 96-well tissue culture plates
at 4000 cells/well 1n 200 yuL. of media and were treated 1n
triplicate with varying concentrations of 6-1G and etopo-
side. A CellTiter-Glo cell viability assay was performed after
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4 days to assess drug toxicity. Concentrations at which the
viability of WT KBM7 and HL60 cells fell below 5% were
chosen.

Vector construction: To construct the lentiviral doxycy-
cline-inducible FLAG-Cas9 vector, the FLAG-Cas9 ORF

from pX330-U6-Chimeric_BB-CBh-hSpCas9 was cloned
into pCW57.1 between the Agel and EcoRI sites. To con-
struct the lentiviral sgRNA vector, the U6 promoter, the
AAVS]-targeting sequence (GGGGCCACTAGGGACAG-
GAT) (SEQ ID NO: 19), and the chimeric sgRNA scatlold
from gRNA_AAVS1-12 was cloned into pL.X304 between
the Xhol and Nhel sites.

Genome-scale lentiviral sgRNA library design: All
SpCas9 Protospacer Adjacent Motif (PAM) sites within 5
bases of a coding exon for all RefSeq transcript models were
identified. If the first nucleotide of the protospacer/guide
sequence did not begin with a ‘G’ (as 1s required for RNA
polymerase IlI-dependent ftranscription), a ‘G’ was
prepended. The sequences were then filtered for homopo-
lymers spanning greater than 3 nucleotides. To avoid poten-
tial ofl-target cleavage, guide sequences that perfectly
matched or had only 1 mismatch within the first 12 bases
(the ‘non-seed’ region) with another genomic region were
identified using the short read aligner Bowtie and excluded.
This specificity search was not performed for sgRNAs
targeting ribosomal proteins. Subsequently, guide sequences
that contained Xbal or Ndel sites were removed (although
the library was eventually cloned via Gibson assembly) and
guide sequences were filtered such that no two sgRNAs
overlapped by more than 15 base pairs. After this step, all
candidate sgRNAs {for ribosomal protein genes were
included i Applicants’ final set. Additional candidate genes
for screening were selected based upon their putative bio-
logical functions. Genes were excluded 1f they were not
expressed (FPKM<1 1n all tissues transcriptionally profiled
in the I1lumina Human Body Map and ENCODE project) or
if 10 sgRNA sequences could not be designed. Finally for all
remaining genes, 10 candidate sgRINAs were selected with
a preference for sequences that (1) targeted constitutive
exons, (2) were positioned closest downstream of the start
codon and (3) had between 20% and 80% GC content.
Sequences for non-targeting control sgRINAs were randomly
generated and a specificity check, as described above, was

performed. A second mini-library containing sgRNAs tar-
geting ribosomal protein genes (2741 sgRNAs), BCR (228

sgRNAs), ABL1 (223 sgRNAs) and 600 non-targeting con-
trol sgRNAs was designed as described above and used for
negative selection screening and Cas9 immunoprecipitation/
sgRNA sequencing in KBM7 cells.

Design of predicted genome-wide library: All SpCas9
Protospacer Adjacent Motif (PAM) sites within 6 bases of a
coding exon for all CCDS transcript models were 1dentified.
If the first nucleotide of the protospacer/guide sequence did
not begin with a ‘G’ (as 1s required for RNA polymerase
III-dependent transcription), a ‘G’ was prepended.
Sequences with % GC content between 40 to 80% that did
not contain any homopolymers spanming greater than 4
nucleotides were considered. Because ofi-target matches
may be unavoidable 1mn some cases (eg. pseudogenes and
duplicated genes), sequences were removed only 1T they
mapped to more than 5 regions 1n the genome. Additionally
for unlquely mapped sgRNAs, Applicants then found the
number ofl-target matches that differ from the guide
sequence by only one base pair 1n the first twelve nucleotides
(the ‘non-seed’ region). Olfactory receptor genes and genes
with less than 5 sgRNA sequences fulfilling the critenia
outlined above were excluded. For all remaining genes, 5-10
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candidate sgRNAs were selected with a preference for
sequences ordered by (1) the number of matches elsewhere
in the genome (2) the number of 1-bp mismatched guide
sequences that map elsewhere 1in the genome (3) the number
of transcript models targeted for a given gene (4) the sgRINA
score as predicted by the sgRINA potency algorithm and (35)
the position along the transcript. Guide sequences were first
filtered such that no two sgRINAs overlapped by more than
10 base pairs but this condition was relaxed to allow a 15
base pair overlap if no satisfactory sgRNAs could be found.
Sequences for non-targeting control sgRNAs were randomly
generated and a specificity check, as described above, was
performed.

Genome-scale lentiviral sgRNA library construction: Oli-
gonucleotides were synthesized on the CustomArray 12K
and 90K arrays (CustomArray Inc.) and amplified as sub-
pools 1n a nested PCR. A third round of PCR was performed
to 1ncorporate overhangs compatible for Gibson Assembly
(NEB) into the lentiviral sgRNA AAVSI-targeting vector
between the Xbal and Ndel sites. Gibson Assembly reaction
products were transformed into chemically competent
DH35alpha cells. To preserve the diversity of the library, at
least 20-fold coverage of each pool was recovered 1n each
transformation and grown in liquid culture for 16-18 hours.

Virus production and transduction: Lentivirus was pro-
duced by the co-transiection of the lentiviral transfer vector
with the Delta-VPR envelope and CMV VSV-G packaging
plasmids mnto 293T cells using X'TremeGene 9 transiection
reagent (Roche). Media was changed 24 hours aifter trans-
fection. The virus-containing supernatant was collected 48
and 72 hours after transfection and passed through a 0.45 um
filter to eliminate cells. Target cells in 6-well tissue culture
plates were infected 1 media containing 8 ug/ml of poly-
brene and spin infection was performed by centrifugation at
2,200 rpm for 1 hour. 24 hours after infection, virus was
removed and cells were selected with the appropriate anti-
bioftics.

Cas9-KBM7 and Cas9-HL60 generation: Cas9-KBM7

and Cas9-HL60 cells were generated by lentiviral transduc-
tion of the dox-inducible FLAG-Cas9 vector. Al

selection with puromycin, the cells were clonally sorted
using an Aria II SORP (BD FACS) mto 96-well tissue

ter 3 days of
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FLAG-Cas9 expression in the presence and absence of 1
ug/mlL doxycycline was analyzed for several clonal popu-
lations by western blotting. Subsequently, a single colony
with the greatest fold-change 1 Cas9 expression was
selected from both cell lines for further studies.
Assessment of CRISPR/Cas9 cleavage efliciency: Cas9-
KBMY7 cells were infected with a sgRINA construct targeting
the AASV1 locus at low MOI. At 0, 1, 2, 4, and 6 days post
infection, cells were harvested for genomic DNA extraction.
After amplification of the AAVS]1 locus (primers sequences
listed below), the SURVEYOR nuclease assay (Transge-
nomics) and gel quantification was performed. For deep
sequencing of the target region, the AAVSI1 locus was
amplified with primers containing overhangs with adapters
compatible with Illumina sequencing. Amplicons were
sequenced on a MiSeq (Illumina) with a single-end 50 bp
run. The resulting reads were aligned to the target reference

sequence using the Smith-Waterman algorithm. Mutations
were classified as a deletion, 1nsertion, substitution or com-
plex (a mixture of the previous 3 classes). Complex muta-
tions were excluded in downstream analyses.
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PCR primer sedquences for Surveyor Assay
Primer 1:

(SEQ ID NO: 20)
CCCCGTTCTCCTGTGGATTC
Primer 2:

(SEQ ID NO: 21)
ATCCTCTCTGGCTCCATCGT
Primer sequences for MiSeq Sequencing Assay
Primer 1:

(SEQ ID NO: 22)

AATGATACGGCGACCACCGAGATCTACACCCCGTTCTCCTGTGGATTC

Primer 2:

(SEQ ID NO: 23)
CAAGCAGAAGACGGCATACGAGATCATCCTCTCTGGCTCCATCGT
Illumina sequencing primer:

(SEQ ID NO: 24)

TCTGGT TCTGGGTACTTTTATCTGTCCCCTCCACCCCACAGT

Analysis of CRISPR/Cas9 specificity: Cas9-KBM7 cells
were 1nfected with a sgRNA construct targeting the AASV1
locus (sgAAVS). Cells were selected for two weeks with
blasticidin and harvested for genomic DNA extraction.
Potential off-target cleavage sites were predicted by search-
ing for genomic regions with sequence similarity to
sgAAVS] (no more than 3 mismatches were tolerated).
Nested PCR primers were designed around these regions
and the AAVSI target region and used to amplify genomic
DNA from sgAAVSI1-modified and unmodified wild-type
cells. PCR amplicons were sequenced on a MiSeq (Il1lumina)
with a single-end 300 bp run. The resulting reads were
filtered for the presence of matching forward and reverse
primers and primer-dimer products were removed. Using the
Needleman-Wunsch algorithm, amplicon reads were aligned
to their respective reference sequences and assessed for the
presence ol an insertion or deletion.

Pooled screening: In all screens, 90 million target cells
were transduced with viral sub pools and selected with
blasticidin 24 hours after infection for 3 days. For the 6-1TG
screen, Cas9-KBMY7 cells were cultured in media containing,
400 nM 6-TG. For screens with etoposide, Cas9-KBM7 and
Cas9-HL 60 cells were cultured 1n media containing 130 nM
and 200 nM of etoposide, respectively. Cultures of untreated
Cas9-KBM7 and Cas9-HL60 cells were also maintained 1n
parallel. All cells were passaged every 3 days, and after 12
days, cells were harvested for genomic DNA extraction. In
negative selection screens, 10 million cells were harvested
for genomic DNA extraction 24 hours after infection. The
remaining cells were maintained for 12 doublings, before
being harvested for genomic DNA extraction.

Pooled screening deconvolution and analysis: In both the
positive and negative selection screens, sgRINA 1nserts were
PCR amplified 1n a nested PCR and the resulting libraries
were sequenced on a HiSeq 2500 (Illumina) with a single-
end 50 bp run. The primer sequences for these reactions are
provided below. Sequencing reads were aligned to the
sgRNA library, and the abundance of each sgRNA was
calculated. For the etoposide screens, the sgRNA abun-
dances between the final treated and untreated populations
were compared. To identily genes whose loss conferred
resistance to etoposide, the (treated-untreated) log 2 abun-
dances of all sgRINAs targeting a gene was compared with
the non-targeting sgRNAs using a one-sided Kolmogorov-
Smirnov (K-S) test. p-values were corrected using the Ben-
jamini-Hochberg method. To perform a sgRNA-level
z-score analysis for all positive selection screens, the mean
and standard deviation of the differential abundances of the
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non-targeting sgRNAs between treated versus untreated
pools was determined. From these values, a z-score was
calculated for all other sgRINAs.

In the negative selection screen, the log 2 fold change in
abundance of each sgRNA between the mitial and final
populations was computed. The significance of a gene hit
was assessed by a two-sided K-S test between the log 2 fold
change of all sgRNAs targeting a gene and the values for all
targeting sgRNAs. For ribosomal protein genes for which
more sgRNAs were designed, random subsets 01 10 sgRNAs
were sampled for significance testing and the p-value
assigned to the gene was the median value after 50 random
samplings. p-values were corrected using the Benjamini-
Hochberg method. Gene-based scores were defined as the
median log 2 fold change of all sgRNAs targeting a given
gene. For all genes, scores were calculated for both the

HL.60 and KBM?7 screens. The two gene lists were sorted

and the combined rank was determined. This metric was
used for the Gene Set Enrichment Analysis of the C2 curated
genes sets.

Primer sequences for sgRNA quantification
Outer primer 1:

(SEQ ID NO: 25)
AGCGCTAGCTAATGCCAACTT
Outer primer 2:

(SEQ ID NO: 26)
GCCGGCTCGAGTGTACAAAL
Inner primer 1:

(SEQ ID NO: 27)
AATGATACGGCGACCACCGAGAT CTACACCGACTCGGTGCCACTTTT
Inner primer 2:

(SEQ ID NO: 28)

CAAGCAGAAGACGGCATACGAGATCNMMNMNTTTCTTGGGTAGT TTGCAGT
TTT (nnnnn denotes the sample barcode)

Illumina sequencing primer:

(SEQ ID NO: 29)
CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCT
ATTTCTAGCTCTAAAAC

Illumina i1ndexing primer:

(SEQ ID NO: 20)
TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACATAATTTTAA
AACTGCAAACTACCCAAGARA

Generation of sgRNA modified cell lines: Individual
sgRNA constructs targeting CDK 6 and TOP2A were cloned,
lentivirus was produced, and target HL.60 cells were trans-
duced as described above. 24 hours after infection cells were
cultured 1 doxycycline and blasticidin for 1 week before
turther experimentation.

Western blotting: Cells were lysed directly in Laemmli
sample bufler, separated on a NuPAGE Novex 8% 'ris-
Glycine gel, and transferred to a polyvinylidene difluoride
membrane (Millipore). Immunoblots were processed
according to standard procedures, using primary antibodies
directed to S6K1 (CST), CDK6 (CST), FLAG (Sigma), and
TOP2A (Topogen) and analyzed using enhanced chemilu-
minescence with HRP-conjugated anti-mouse and anti-rab-
bit secondary antibodies (Santa Cruz Biotechnology).

FLAG-Cas9 immunoprecipitation and sgRINA-sequenc-
ing: 10 million Cas9-KBM7 cells were transduced with
lentivirus from the sgRNA mini-pool as described above. 24
hours after transduction, cells were rinsed once with ice-cold
PBS and lysed in RIPA bufler (0.1% SDS, 1% sodium
deoxycholate, 1% NP-40, 25 mM Tris-HCI pH 7.6, 150 mM
NaCl, 1 mM EDTA, one tablet of EDTA-free protease
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inhibitor (per 25 ml) and 200U Murine RNAse Inhibitor
(Sigma)). Cell lysate was homogenized using a 28-gauge
syringe needle and incubated with rotation at 4° C. for 15
minutes. The soluble fractions of cell lysates were 1solated
by centrifugation at 13,000 rpm 1n a refrigerated microcen-
trifuge for 10 min. The FLAG-M2 afhinity gel (Sigma-
Aldrich) was washed with ly51s bufler three times, and 100
wl of a 50% slurry of the aflinity gel was then added to
cleared cell lysates and incubated with rotation for 3 hours
at 4C. The beads were washed eight times with lysis bufler.
Bound proteins were specifically eluted from the FLAG-M2
athinity gel with a competing FLAG peptide by incubation at
room temperature for 10 minutes. The eluate was cleaned

using a RNA Clean & Concentrator-5 column (Zymo
Research), treated with TURBO DNase at 37° C. for 10
minutes, and dephosphorylated with FastAP Thermosensi-
tive Alkaline Phosphatase (Thermo Scientific) at 37° C. for
10 minutes. The reaction was stopped by the addition of
EDTA at a final concentration of 25 mM and heated at 68°
C. for 2 minutes after which the reaction was again cleaned
using a RNA Clean & Concentrator-5 column. A sgRNA-
specific reverse transcription reaction was performed using
the primer listed below with SuperScript 111 (Life Technolo-
gies) at 54° C. for 1 hour. The remainder of the library
preparation protocol was performed as previously described
except that a sgRNA-specific reverse primer was used for
library amplification. In parallel, sgRINA barcode integra-
tions 1n the DNA were also sequenced as described above.

Sequencing reads from both libraries were aligned to the
sgRINA library and the ratio of RNA reads to DNA reads for
cach sgRNA was used as a measure of Cas9 aflinity.

Primer sequences for sgRNA-sequencing library

preparation
asgRNA-specific reverse transcription primer:
(SEQ ID NO: 21)
CTCGGTGCCACTTTTTCA
sgRNA-gpecific library amplification primer:
(SEQ ID NO: 22)

CAAGCAGAAGACGGCATACGAGATCTTCAAGTTGATAACGGACTAGCC

sgRINA potency analysis: Log fold change (depletion)
values for sgRNAs targeting ribosomal protein genes were
used as a proxy for sgRNA potency. Depletion values were
analyzed with respect to guide sequence GC content, the
target exon position and the strand targeted. The predictive
power of the features uncovered was examined by using a
general linear model. sgRNAs against inessential ribosomal

genes (RPS4Y2, RP4Y1, RPL22L1, RPL3L, RPLIOL,
RPL261L.1, RPL39L, RPS27L) were omitted from this analy-
S18S.

sgRNA potency prediction: A support-vector-machine
classifier was used to predict sgRINA potency. The target
sequences (each encoded by a vector of 80 binary variables
representing the presence or absence of each nucleotide (A,
C, T, ) at each position (1-20) along the target sequence)
of rnbosomal protein gene-targeting sgRNAs were used as
inputs to the classifier which was trained on the change 1n
abundance observed (encoded by a binary variable corre-
sponding to ‘weak’ and ‘potent’” sgRNAs using a cutofl
based on the bimodality of the distribution). Target
sequences ol sgRNAs targeting the 400 most essential
non-ribosomal genes from the Cas9-KBM7/ screens were
used to predict potency. Class membership was again deter-
mined based on the bimodality of the distribution. sgRNAs
against 1nessential ribosomal genes (RPS4Y2, RPS4Y,
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RPL221.1, RPL3L, RPL10L, RPL261.1, RPL39L, RPS27L)
were omitted from this analysis.

A HiSeq run was performed on some essentiality screens
using the 1-vector genome-wide 180K libraries. In a sample
of KBM7s that had been grown for 8 days (previous
examples KBM7s can be cultured for 16-20 days). FIG. 10
1s a graph showing depletion of sgRNAs targeting ribosomal
proteins. The magnitude of depletion 1s expected to increase
over time. FIG. 11 shows concordance on a gene-level with
the previous data (when looking at approximately 7,000
genes). It is clearly correlated; the r2 between KBM7 and
HIL.60 was 0.48 (grown for 3 weeks with the same sgRNA
designs for a given gene). Manual inspection of the top
genes all made biological sense (BCR-ABL, splicing, ribo-
somal, etc). Also, FIG. 12 1s a graph of true vs false
positives. As shown in FIG. 12, Applicants ranked genes
using gene scores from the herein-described improved opti-
mized screening—that obtains mmproved and optimized
sgRNA library(ies)—as well data obtained in previous
screens performed (Shalem, Wang) that also obtained librar-
1ies, and measured how well they could predict the essenti-
ality of homologs 1n budding yeast, where knockout mutants
have been systematically generated and analyzed. Although
perfect agreement 1n gene essentiality between two species
would not be expected, Applicants reasoned that better
methods of assessing human gene essentiality would more
accurately predict yeast gene essentiality. From this analysis
Applicants found that the improved optimized screening
herein-described obtained an improved sgRNA library that
did indeed gave better results.

While preferred embodiments of the present imvention
have been shown and described herein, 1t will be obvious to
those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and
substitutions will now occur to those skilled in the art
without departing from the invention. It should be under-
stood that various alternatives to the embodiments of the
invention described herein may be employed in practicing
the invention. It 1s intended that the following claims define
the scope of the mvention and that methods and structures
within the scope of these claims and their equivalents be
covered thereby.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 32

<210> SEQ ID NO 1

<211> LENGTH: 23

«212> TYPE: DHNA

<213> ORGANISM: Streptococcus pyodgenes

<220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (1)..(8)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<220> FEATURE:

<221> NAME/KEY: misgsc_feature

«222> LOCATION: (9)..{(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (21)..(21)

<223> OTHER INFORMATION: n is a, ¢, g, t, unknown,
nucleotide

<400> SEQUENCE: 1

nnnnnnnnnn nnnnnnnnnn ngg

<210> SEQ ID NO 2

«<211> LENGTH: 15

<212> TYPE: DNA

<213> ORGANISM: Streptococcus pyogenes

«<220> FEATURE:

<221> NAME/KEY: misc_feature

«222> LOCATION: (1)..{(12)

<223> OTHER INFORMATION: n is a, ¢, g, or t

«<220> FEATURE:

<221> NAME/KEY: misc feature

«<222> LOCATION: (123)..(13)

<223> OTHER INFORMATION: n is a, ¢, g, t, unknown,
nucleotide

<400> SEQUENCE: 2

MNNNAOnMnnMnnn  nonngg

<210>
<211>
«<212>
<213>
220>
221>
<222>

SEQ ID NO 2
LENGTH: 23
TYPE: DNA
ORGANISM:
FEATURE :
NAME/KEY: misc feature
LOCATION: (1)..(9)

Streptococcus pyogenes

5

10

15

20

other,

other,

60
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or a modified

23

or a modified

15



61

«223>» OTHER INFOEMATION: n 1s

«<«220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (10)..(20)

<«223> OTHER INFORMATION: n 1is

«<«220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (21)..(21)

<223> OTHER INFORMATION: n 1is
nucleotide

<400> SEQUENCE: 23
nnnnnnnnnn nnnnnnnnnn ngg
<210> SEQ ID NO 4

<«211> LENGTH: 14
<212> TYPE: DNA

US 11,149,267 B2

-continued

a, ¢, g, or t

a, ¢, g, or t

a, ¢, g, t, unknown, other, or a modified

23

<213> ORGANISM: Streptococcus pyogenes

«220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (1)..(11)

<223> OTHER INFORMATION: n 1is

«220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (12)..(12)

<223> OTHER INFORMATION: n 1is
nucleotide

<400> SEQUENCE: 4

nnnnnnnnnr - nngdg

«210> SEQ ID NO b

<211> LENGTH: 27

«212> TYPRE: DNA

<213> ORGANISM: Streptococcus

«220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (1) ..(8)

223> OTHER INFORMATION: n 1s

220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (9)..(20)

«223> OTHER INFOEMATION: n 1s

<220> FEATURE:

<221> NAME/KEY: misc_feature

«222> LOCATION: (21)..(22)

«223>» OTHER INFOREMATION: n 1s
nucleotide

«220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (27)..(27)

223> OTHER INFORMATION: w 1s

<400> SEQUENCE: 5

Nnnnnnonnnnrl nnnonnnrnnn niagaaw

<210> SEQ ID NO o
<«211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Streptococcus

220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (1) ..{(12)

«223> OTHER INFORMATION: n 1is

«220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (13)..(14)

«223> OTHER INFORMATION: n 1is
nucleotide

220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (19)..(19)

«223> OTHER INFORMATION: w 1S

a, ¢, g, or t

a, ¢, g, t, unknown, other, or a modified

14

thermophilus

a, ¢, g, t, unknown, other, or a modified

a or ¢

277

thermophilus

a, ¢, g, t, unknown, other, or a modified

a or ¢

62



<400>

63

SEQUENCE: 6

Nnnnnnnnrnnr nnnnagygaaw

<210>
<211>
<212 >
<213>
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

<220>
«221>
<222 >
<223 >

<400>

SEQ ID NO 7

LENGTH: 27

TYPE: DNA

ORGANISM: Streptococcus
FEATURE :

NAME /KEY: misc_feature
LOCATION: (1)..(9)
OTHER INFOREMATION: n 1s
FEATURE:

NAME /KEY: misc_feature
LOCATION: (10)..(20)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (21)..(22)
OTHER INFORMATION: n 1is
nucleotide

FEATURE :
NAME /KEY: misc_feature
LOCATION: (27)..(27)

OTHER INFORMATION: w 1sg

SEQUENCE: 7

nnnnnonnnnrl nnnonnnronn nonagaaw

<210>
<211>
«212>
<213>
«220>
<221>
<222
<223>
<220>
«221>
<222>
223>

«220>
<221>
<222>
<223 >

<400>

SEQ ID NO 8

LENGTH: 18

TYPE: DNA

ORGANISM: Streptococcus
FEATURE:

NAME /KEY: misc feature
LOCATION: (1) ..{(11)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (12)..(13)
OTHER INFORMATION: n 1is
nucleotide

FEATURE:
NAME /KEY: misc feature
LOCATION: (18)..(18)

OTHER INFORMATION: w 1sg

SEQUENCE: 8

Nnnnnnnnnnr nnnagaaw

<210>
<211>
<«212>
<213>
<220>
«221>
<222>
<223 >
<220>
<221>
<222 >
<223 >
<«220>
«221>
<222>

<223 >

<220>
<221>
<222 >
<223 >

SEQ ID NO 9

LENGTH: 25

TYPE: DNA

ORGANISM: Streptococcus
FEATURE :

NAME /KEY: misc_feature
LOCATION: (1) .. (8)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (9) .. (20)
OTHER INFORMATION: n 1is
FEATURE :

NAME /KEY: misc_feature

LOCATION: (21)..(21)
OTHER INFOREMATION: n 1s
nucleotide

FEATURE:

NAME /KEY: misc feature
LOCATION: (24)..(24)

OTHER INFORMATION: n is
nucleotide

US 11,149,267 B2

-continued

thermophilus

a, ¢, g, t, unknown,

a or ¢

thermophilus

a, ¢, g, t, unknown,

a or t

pyogenes

a, ¢, g, or t

a, ¢, g, t, unknown,

a, ¢, g, t, unknown,

other,

other,

other,

other,

19

or a modified

277

or a modified

18

or a modified

or a modified

64



<400>

65

SEQUENCE: 9

nnnnnonnnnrl nnnonnnrnnn nggrig

<210>
<«211>
«212>
<213>
«220>
<221>
<222>
<223>
«220>
<221>
<222
223>

<220>
<22]1>
<222 >
<223 >

<400>

SEQ ID NO 10

LENGTH: 17

TYPE: DNA

ORGANISM: Streptococcus
FEATURE:

NAME /KEY: misc feature
LOCATION: (1) ..{(12)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (13)..(13)
OTHER INFORMATION: n 1is
nucleotide

FEATURE:
NAME /KEY: misc feature
LOCATION: (1l6)..(1l6)

OTHER INFORMATION: n is
nucleotide

SEQUENCE: 10

nnnnnnnnnn nnnggng

<210>
<211>
<212 >
<213>
220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >

«220>
<221>
<222>
<223 >

<400>

SEQ ID NO 11

LENGTH: 25

TYPE: DNA

ORGANISM: Streptococcus
FEATURE:

NAME /KEY: misc feature
LOCATION: (1) ..(9)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (10)..(20)
OTHER INFORMATION: n 1is
FEATURE:

NAME /KEY: misc feature
LOCATION: (21)..(21)
OTHER INFORMATION: n 1s
nucleotide

FEATURE:
NAME /KEY: misc feature
LOCATION: (24)..(24)

OTHER INFORMATION: n is
nucleotide

SEQUENCE: 11

nnnnnonnnnrl nnnonnnrnnn nggrig

<210>
<211>
«212>
<213>
<220>
<221>
<222
<223>
<220>
<221>
<222>

<223 >

«220>
«221>
<222 >
<223 >

<400>

SEQ ID NO 12

LENGTH: 16

TYPE: DNA

ORGANISM: Streptococcus
FEATURE:

NAME /KEY: misc feature
LOCATION: (1) ..{(11)
OTHER INFORMATION: n 1is

FEATURE:
NAME /KEY: misc feature

LOCATION: (12)..(12)
OTHER INFORMATION: n 1is
nucleotide

FEATURE:

NAME /KEY: misc_feature
LOCATION: (15)..(15)

OTHER INFOREMATION: n 1is
nucleotide

SEQUENCE: 12

nnnnnnnnnn nnggng

US 11,149,267 B2

-continued

pyogenes

a, ¢, g, t, unknown,

a, ¢, g, t, unknown,

pyogenes

a, ¢, g, or t

a, ¢, g, t, unknown,

a, ¢, g, t, unknown,

pyogenes

a, ¢, g, t, unknown,

a, ¢, g, t, unknown,

25

other, or a modified

other, or a modified

17

other, or a modified

other, or a modified

25

other, or a modified

other, or a modified

16

06
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-continued

<210> SEQ ID NO 13

<211> LENGTH: 137

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (1) ..({(20)

223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 13
nnnnnnnnnn nnnnnnnnnn gtttttgtac tctcaagatt tagaaataaa tcttgcagaa
gctacaaaga taaggcttca tgccgaaatc aacaccctgt cattttatgg cagggtgttt

tcgttattta atttttt

<210> SEQ ID NO 14

<211l> LENGTH: 123

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

<222> LOCATION: (1)..(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 14
nnnnnnnnnn nnnnnnnnnn gtttttgtac tctcagaaat gcagaagcta caaagataag
gcttcatgee gaaatcaaca ccctgtcatt ttatggcagg gtgttttcegt tatttaattt

CtL

<210> SEQ ID NO 15

<211l> LENGTH: 110

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

«222> LOCATION: (1)..(20)
<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 15
nnnnnnnnnn nnnnnnnnnn gtttttgtac tctcagaaat gcagaagcta caaagataag

gcttcatgcee gaaatcaaca ccctgtcatt ttatggcagg gtgttttttt

<210> SEQ ID NO 16

<211> LENGTH: 102

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:
<221> NAME/KEY: misc feature

<222> LOCATION: (1)..(20)
223> QOTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 16
nnnnnnnnnn nnnnnnnnnn gttttagagce tagaaatagce aagttaaaat aaggctagtc

cgttatcaac ttgaaaaagt ggcaccgagt cggtgcetttt tt

<«210> SEQ ID NO 17

60

120

137

60

120

123

60

110

60

102

08
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<211> LENGTH: &8

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc feature

222> LOCATION: (1) ..({(20)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 17
nnnnnnnnnn nnnnnnnnnn gttttagagce tagaaatagc aagttaaaat aaggctagtc 60

cgttatcaac ttgaaaaagt gttttttt 88

<210> SEQ ID NO 18

<211> LENGTH: 76

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polynucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

222> LOCATION: (1)..(20)

223> QOTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 18
nnnnnnnnnn nnnnnnnnnn gttttagagce tagaaatagc aagttaaaat aaggctagtce 60

cgttatcatt tttttt 76

<210> SEQ ID NO 19

<211> LENGTH: 20

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 19

ggggccacta gggacaggat 20

<210> SEQ ID NO 20

<211l> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 20

ccecegttete ctgtggattce 20

<210> SEQ ID NO 21

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 21

atcctctectg gctceccatcgt 20

<210> SEQ ID NO 22

<211> LENGTH: 48

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 22
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aatgatacgg cgaccaccga gatctacacc ccgttcectect gtggattc

<210> SEQ ID NO 23

<211> LENGTH: 45

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 23

caagcagaag acggcatacg agatcatcct ctctggcectcece atcgt

<210> SEQ ID NO 24

<211> LENGTH: 42

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 24

tctggttctg ggtactttta tctgtcccecct ccaccceccaca gt

<210> SEQ ID NO 25

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 25

agcgctaget aatgccaact t

<210> SEQ ID NO 26

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 26

gccggcetcecga gtgtacaaaa

<210> SEQ ID NO 27

<211> LENGTH: 47

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 27

aatgatacgg cgaccaccga gatctacacc gactcggtge cactttt

<210> SEQ ID NO 28

<211> LENGTH: 53

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer
<220> FEATURE:

<221> NAME/KEY: misc_feature

«222> LOCATION: (26)..(230)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 28

caagcagaag acggcatacg agatcnnnnn tttcttgggt agtttgcagt ttt

48

45

42

21

20

477

53

72
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<210> SEQ ID NO 29

<211l> LENGTH: 67

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 29

cggtgccact ttttcaagtt gataacggac tagccttatt ttaacttget atttctaget 60

ctaaaac

<210> SEQ ID NO 30

<211> LENGTH: 71

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 30

6/

tttcaagtta cggtaagcat atgatagtcc attttaaaac ataattttaa aactgcaaac 60

tacccaagaa d

<210> SEQ ID NO 31

<211l> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 31

ctcggtgceca ctttttea

<210> SEQ ID NO 32

<211> LENGTH: 48

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 32

caagcagaag acggcatacg agatcttcaa gttgataacg gactagcc

What 1s claimed 1s:

1. A genome-wide screening method, comprising knock-
ing out in parallel a plurality of genes 1mn a genome by a
method which comprises:

(a) selecting a plurality of guide sequences from a library
of candidate guide sequences, each guide sequence
targeting a DNA molecule encoding a gene product,
wherein a guide sequence 1s selected i1t the candidate
guide sequence satisiies the following rules:

(1) binding afhinity between the candidate guide
sequence and a CRISPR-Cas protein 1s higher than
binding athnity between a reference guide sequence
in the library and the CRISPR-Cas protein,

(11) none of the last four nucleotides of the candidate
guide sequence 1s a pyrimidine, and

(111) the candidate guide sequence has a % GC nucleo-
tide content between 20% and 80%; and

(b) introducing into a population of cells a composition
comprising;

(1) a plurality of guide polynucleotide sequences, each
comprising a guide sequence from (a), whereby

45

50

55

60

65

guide sequences further comprises predicting the e

71

18

48

dit

duced into dij

74

‘erent guide polynucleotide sequences are intro-

Terent cells of the population; and

(11) a Type II CRISPR-Cas protein or a polynucleotide
sequence encoding a Type II CRISPR-Cas protein,
wherein each guide sequence directs sequence-speciiic
binding of a CRISPR complex to a target sequence in
a genomic locus of the DNA molecule encoding the
gene product,
wherein the CRISPR complex comprises the CRISPR-
Cas protein complexed with a guide sequence that 1s
hybridized to the target sequence, and
wherein the CRISPR-Cas protein cleaves the genomic
locus of the DNA molecule encoding the gene product,
whereby each cell in the population of cells has a
unique gene knocked out 1n parallel.
2. The method of claim 1, wherein the selection of the

e

icacy of

a guide sequence based on one or more of:
targeting early constitutive exons of coding genes, or
targeting of a non-transcribed DNA strand.
3. The method of claim 1, wherein the cell 1s a eukaryotic

cell.
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4. The method of claim 3, wherein the eukaryotic cell 1s
a human cell, animal cell, or plant cell.

5. The method of claim 1, wherein the CRISPR-Cas
system guide polynucleotide sequences and the CRISPR-
Cas protein are comprised 11 one or more vectors.

6. The method of claim 5, wherein the one or more vectors
1s a lentivirus, an adenovirus or an AAV vector.

7. The method of claim 1, where the CRISPR-Cas system
guide polynucleotide sequences and the CRISPR-Cas pro-
tein are comprised 1n one vector.

8. The method of claim 7, wherein the one vector 1s a
lentivirus, an adenovirus or an AAV vector.

9. The method of claim 1, wherein the targeting 1s of about
100 or more sequences.

10. The method of claim 1, wherein the CRISPR-Cas
protein 1s a Cas9.

11. The method of claim 10, wherein the Cas9 protein 1s
Streptococcus pvogenes Cas9 or Staphylococcus aureus
Cas9.

12. The method of claim 1, wherein the targeting 1s of
about 1000 or more sequences.

10

15

76

13. The method of claim 1, wherein the targeting 1s of
about 20,000 or more sequences.

14. The method of claim 1, wherein the targeting 1s of the
entire genome.

15. The method of claim 1, further comprising ranking the
candidate guide sequences based on ofl-target scores and
selecting guide sequences with the lowest scores.

16. The method of claim 1, wherein each cell has intro-
duced a single CRISPR-Cas system guide polynucleotide
sequence.

17. The method of claim 1, wherein the cells are trans-
duced with a multiplicity of infection (IMOI) of 0.3-0.75.

18. The method of claim 1, comprising selecting guide
sequences that target early constitutive exons of coding

genes and/or selecting guide sequences that target non-
transcribed DNA strands.

19. The method of claim 1, further comprising selecting
guide sequences that do not comprise a thymine at any one
of the last four nucleotides of the guide sequences.

¥ ¥ H ¥ H
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